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 SUMMARY   
  
Niemann Pick Disease type C (NP-C) is characterized by accumulation of free 
cholesterol and glycosphingolipids within the endosomal/lysosomal system in various 
cell types including neurons. Over 95% of NP-C cases are caused by mutations in the 
NPC1 gene, which encodes an integral membrane protein containing a “sterol sensing 
domain”. Recent studies have identified Ncr1p, a vacuolar membrane protein, as an 
ortholog of NPC1 in the budding yeast Saccharomyces cerevisiae (S. cerevisiae). 
However, no changes in cellular sterol homeostasis including uptake, synthesis and 
esterification have been detected when the NCR1 gene is deleted. The minor disease 
locus, the NPC2 gene, encodes a 132-amino acid soluble lysosomal protein that has 
been shown to specifically bind cholesterol with high affinity. Recently, the yeast 
homologue of hNPC2 has been identified and termed scNpc2p (Ncr2p in our study). 
Like Ncr1p in yeast, Ncr2p is also not essential for yeast viability, and no readily 
discernible phenotype can be found in ncr2∆ cells under laboratory growth conditions. 
Although these proteins’ functions are still not well understood, cumulative evidence 
suggests that they are key participants in the intracellular trafficking of cholesterol and 
play important roles in cellular sterol homeostasis.  
            The yeast S. cerevisiae is a simple but powerful model genetic system and has 
proven to be an invaluable tool in the investigation of cellular sterol and lipid 
metabolism. In this study, because no phenotype has been detected in ncr1∆ or ncr2∆ 
cells, we sought three conditions that can trigger sterol movement from subcellular 
organelles in the budding yeast. The first is acute glucose starvation, which can induce 
sharp increase of sterol esterification. The second is overexpression of the ERG6 gene, 
 viii
which enriches vacuolar membranes with sterols. The third is nitrogen starvation 
triggered autophagy.  
Two genes (ARE1 and ARE2, for ACAT related enzymes) encoding proteins 
have been identified as the catalytic components of yeast sterol acyltransferases, which 
are homologues to human acyl-CoA: cholesterol acyltransferas 1 (ACAT1). The two 
yeast enzymes localize to the endoplasmic reticulum (ER). Are2p is 3-4 times more 
efficient than Are1p in sterol esterification capability and has a significant preference 
for ergosterol as substrate. It has been demonstrated that Ncr1p localizes to the limiting 
membrane of yeast vacuole through the vacuolar protein sorting pathway. Recent study 
from our laboratory hypothesizes that Ncr1p regulates sterol transport and that Ncr1p 
and Are1p might function together to control sterol transport between the vacuole and 
ER.  
 In this study, upon acute glucose starvation, a significant increase of the 
vacuolar ergosterol was observed in are2∆ncr1∆ and are1∆are2∆ncr1∆ strains as 
compared with are2∆ and are1∆are2∆ strains, respectively. Furthermore, significant 
enhancement of vacuolar ergosterol was detected in ERG6-ncr1Δ, ERG6-are2Δncr1Δ 
and ERG6-are1Δare2Δncr1Δ strains as compared with ERG6-W303, ERG6-are2Δ and 
ERG6-are1Δare2Δ strains when ERG6 was overexpressed. We also found that 
deletion of NCR1 protected against sterol induced cytotoxicity when sterol 
esterification was compromised (are1are2 double deletion) upon overexpression of the 
ERG6. Moreover, the result revealed that Erg7-GFP, a component of yeast lipid 
droplets, was gradually enclosed into the vacuole, releasing a proteolysis-resistant GFP  
under nitrogen starvation triggered autophagy. Therefore, we propose that the 
primordial function of Ncr1p is to help recycle sterols from the yeast vacuole during 
 ix
prolonged starvation when membrane lipids or lipid droplets are ingested by the yeast 
vacuole for reuse.  
Furthermore, in the case of NCR2, a nearly forty percent decrease of sterol 
esterification was observed in are2Δncr2Δ and are2Δncr1Δncr2Δ strains in 
comparison with are2Δ strain upon glucose deprivation. Unexpectedly, about 25%  
decrease of oleate incorporation rate into TAG was also observed in both strains as 
compared with the are2Δ strain in the same assay. In addition, a significant increase of 
vacuolar ergosterol was shown in ERG6-ncr2Δ as compared with ERG6-W303 strain 
upon Erg6p overexpression. However, further evidence was lacking of supporting the 
role of Ncr2p in regulating the sterol transport in budding yeast. On basis of our data, 
we speculate that Ncr2p might function as a carrier that prevents unregulated 
intercalation of sterols and/or fatty acids into the vacuole membrane. 
 x
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Chapter 1   Introduction  
1.1  Sterols in cellular membranes 
1.1.1     Structural features of Cholesterol 
Sterols are essential components of cell membranes, required predominantly 
for the structures and functions of the eukaryotic cells. Sterols are common in 
eukaryotic cells but rare in prokaryotes and are believed to have arrived late in the 
evolution of organisms (Bloch K, 1991). Cholesterol is the most abundant sterol in 
animals, occurring either as a free molecule or bound to fatty acid in the form of 
cholesteryl esters. In essence, cholesterol (cholest-5-en-3β-ol) (Figure 1-1) structurally 
is characterized with four rings (A, B, C, D) transfused together, which confer it 
greater rigidity than other membrane lipids. The presence of a polar 3β-OH group at 
ring A, and an isooctyl side chain at C17, gives it a weak amphiphilic character. The 
structure also contains a double bond between C5 and C6, and two angular methyl 
groups located at C10 and C13.  
 
                             
Figure 1-1.  The chemical structure of cholesterol. (5-cholesten-3β-ol, C27H45OH) 
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In the biological membrane system, the hydrophilic and hydrophobic poles of 
cholesterol determine its positioning within the membrane bilayer. Also, cholesterol is 
situated alongside the fatty acyl tails of the neighbouring phospholipids via van der 
Waals interactions, which can help to order these tails in the membranes. In addition, 
Konrad Bloch (1983) suggested that cholesterol ‘‘fits and interacts effectively’’ with 
membrane lipids, imparting cell membranes with specific properties. Owing to its 
hydrophobicity, cholesterol has preferential interaction with certain lipids, which is 
associated with the biophysical properties of cholesterol. Whereas the interaction of 
cholesterol with various proteins is largely stereospecific (Westover E.J & Covey D.F, 
2004). For instance, cholesterol can regulate the activity of the sterol-regulatory- 
element-binding protein (SREBP) and cleavage-activating protein (SCAP), by biding a 
specific sterol-sensing (SDS) domain and inducing a conformational change.  
1.1.2    Biological functions of cholesterol in membranes 
Cholesterol plays a variety of critical roles in the biological system. First of all, 
cholesterol is an essential structural component of cell membranes and an important 
determinant of membrane property (Demel R.A & De Kruyff B, 1976). As one of the 
key regulators of membrane organization, cholesterol has a distinctive ability to 
increase membrane thickness, decrease transbilayer permeability, facilitate phase 
separation of certain lipids, and provide mechanical coherence of the membranes 
(Westover E.J & Covey D.F, 2004). Hence, cholesterol functions to modulate the 
fluidity and integrity of the cell membrane, as well as maintains the barrier between 
cell and environment. Secondly, cholesterol also can modulate the functions of integral 
membrane proteins both through specific binding and through changes in the bilayer 
biophysical properties. Thirdly, cholesterol induces membrane packing in lateral 
microdomains, or rafts of the plasma membrane. The clustering of separate lipid rafts 
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exposes to a variety of membrane associated signaling proteins, such as specific 
enzymes and kinases, through amplification, then initiates signaling cascades (Simons 
K & Toomre D, 2000). Fourthly, caveolae are clathrin-free invaginations at the surface 
of most peripheral cells, enriched in free cholesterol and sphingomyelin. Caveolae 
have been implicated in a wide range of cell activities, including endocytosis and 
transcytosis, cell growth, cell adhesion and receptor-mediated signaling, which are all 
free cholesterol dependant (Fielding C.J & Fielding P.Ea, 2001). Finally, cholesterol 
serves as an obligatory precursor for the manufacture of vitamin D, bile acids and 
steroid hormones in animals. 
 
1.2 Intracellular cholesterol homeostasis  
1.2.1 Distribution of cholesterol in membranes 
At the cellular level, the concentration of cholesterol is maintained within a 
narrow range and regulated by a cascade of sophisticated mechanisms. Also, 
cholesterol is distributed heterogeneously either among the different intracellular 
membranes, or between the two leaflets of biological membranes. Cholesterol is 
remarkably enriched in eukaryotic plasma membranes (PM), where it constitutes about 
35- 45% of the lipid molecules (Maxfield F.R & Wüstner D, 2002）. It is estimated 
that PM contains approximately 65–80% of the free cholesterol in cells. While in the 
endoplasmic reticulum (ER), where cholesterol is synthesized, free cholesterol only 
occupies 1-10% of the lipid molecules (Lange Y, et al., 2004). Interestingly, a marked 
increase in the cholesterol gradient was observed along the biosynthetic secretory 
pathway, with the lowest concentrations in the ER and the Golgi apparatus and higher 
concentrations in the trans-Golgi network (TGN), followed by endosomes and the 
endosome-recycling compartment (Liscum L & Munn N.J, 1999; Mukherjee S, et al., 
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1997; Hao M, et al., 2002). The cholesterol content of late endosomes and lysosomes 
is not well documented. The heterogeneous distribution of cholesterol along the 
secretory and endocytic pathways represents the major intracellular sterol pool inside 
the cells. Inappropriate distributions of cholesterol have been implicated in a number 
of human diseases, such as Niemann-Pick type C disease (inappropriate intracellular 
trafficking of LDL-derived cholesterol. Paterson M.C, et al., 2001). 
1.2.2    LDL receptor pathway and de novo cholesterol biosynthesis 
In mammalian cells, exogenous cholesterol is acquired mainly through low-
density lipoprotein (LDL) receptor mediated endocytosis pathway (Brown M.S & 
Goldstein J.L, 1986). At neutral plasma pH, circulating cholesterol-laden LDL 
particles bind to the LDL receptors (LDLRs) located at the PM, which carry 
approximately 65% to 70% of plasma cholesterol in humans (Jeon H & Blacklow S.C, 
2005). Receptor-bound LDL enters cells by endocytosis via clathrin-coated pits, where 
the receptor molecules cluster on the plasma membrane. Then the coated pits 
invaginate, pinch off from the PM, fuse with other similar vesicles, and form early 
endosomes. Subsequently, endosomes undergo successive maturation processes with 
various protein components, and become late endosomes, then lysosomes. The 
receptor-bound LDL is internalized into the endocytic pathway, where low-pH 
environment (pH at 6 or lower) triggers hydrolysis of cholesteryl esters in LDL, 
liberating the free cholesterol from cholesteryl esters. Then cholesterol emerges in the 
late endosomes, and LDLRs are delivered to the endocytic recycling. Next, the 
endocytosed cholesterol migrates from the late endosomes and arrives at the PM, TGN, 
ER, or other destinations via vesicular or non-vesicular transport mechanisms. While 
the egress of LDL-CHOL from late endosomes vitally relies on a kind of switch 
proteins, namely Niemann-Pick types C1 and C2 (NPC1 and NPC2, respectively). 
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Besides the LDL-derived cholesterol, essentially almost all mammalian cells 
synthesize cholesterol endogeneously (endo-CHOL). The late stage of de novo 
biosynthesis of endo-CHOL takes place in the ER. Acetyl coenzyme is the simple 
precursor and the whole process involves a series of enzymatic reactions. While the 
expression of these genes involved in the endo-CHOL biosynthesis is tightly regulated 
by the integral membrane protein complex INSIG-SCAP-SREBP, which is also 
located at the ER (Goldstein J.L, et al., 2006). It is reported that, after the biosynthesis, 
most of the nascent endo-CHOL is rapidly transported to the caveolae / lipid raft 
microdomain of the PM within 10–20 min (Matveev S, et al., 2001), which is energy 
dependent and NPC1 independent (Liscum L, et al., 1989). After arriving PM, a 
certain portion of endo-CHOL is internalized by the endocytosis process and reaches 
the endosomes, or retrogrades to ER for esterification. However, other fates of the 
endo-CHOL remain largely unclear. 
1.2.3    Neutralization and storage 
Cholesterol is a “Janus-faced molecule”. Being an essential component of cell 
membrane and a major regulator of lipid organization, its very property makes it useful 
in cell functions. Whereas it is only slightly soluble in water, and over accumulation of 
free cholesterol can be toxic to cells (Tabas I, 2002). Therefore, its concentration is 
stringently controlled within a physical range by a series of feedback mechanisms. To 
maintain a low steady-state level of cholesterol in ER, a rapid response to increasing 
cholesterol levels is to convert excess cholesterol to cholesterol ester (CEs) and store in 
cytoplasmic lipid droplets. Compared with cholesterol, which is polar lipid and active 
in various cellular functions, cholesterol esters are relatively dormant and firmly 
sequestered in the core of the neutral cytoplasmic lipid droplets.  
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The esterification process is catalyzed by the ER enzyme acyl-coenzyme A: 
cholesterol acyltransferase (ACAT). Two isoenzymes have been identified in 
mammals, namely ACAT1 and ACAT2, which may function in distinct and 
complementary manners (Chang T.Y, et al., 1997; 2001; Rudel L, et al., 2001). In 
most cases, ACAT1, the major isoenzyme, resides in ER and constitutes 90% or more 
of the total ACAT activity in intact cells. Furthermore, cholesterol is preferred to be 
utilized both as substrate and activator of ACAT1 (Chang T.Y, et al., 1997). By 
comparing cholesterol with its analogs, enantiomeric cholesterol and dehydro- 
ergosterol, it has been demonstrated that cholesterol is structurally specific for the 
sterol-protein interaction and ACAT is allosterically regulated by cholesterol (Zhang Y, 
et al., 2003; Westover E.J & Covey D.F, 2004). Also, if cells are loaded with more 
cholesterol, the rate of ACAT delivery into the ER will be increased as a result of more 
rapid efflux of sterol from the plasma membrane (Lange Y, et al., 2004). To date, the 
location and function of ACTA2 have not been yet well documented, though it is 
proposed that cholesterol may also allesterically regulate the activity of ACAT2 
(Chang C.C, et al., 2000). 
The cycle of esterification of cholesterol and hydrolysis of CEs provides the 
major short-term buffering of cholesterol (Brown M.S, et al., 1980). CEs hydrolysis is 
catalyzed by cholesterol ester hydrolase (CEH) to provide instant supply of sterols and 
fatty acids. In mammalian cells, several CEH candidates have already been proposed, 
including carboxyl ester lipase (CEL), lysosomal acid lipase (LAL) and hormone-
sensitive lipase (HSL) (Müllner H, et al., 2005) . 
1.2.4 The SREBP pathway 
Among the known feedback control systems in animal cells, the integral 
membrane protein complex SCAP/SREBP, located at the ER, chiefly regulates the 
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expression and translation of many genes involved in cholesterol biosynthesis and 
uptake. In mammalian cells, three closely related isoforms of sterol regulatory element 
binding proteins (SREBPs) have been identified, called SREBP-1a, SREBP-1c, and 
SREBP-2. Scap (SREBP cleavage–activating protein), a transmembrane protein on ER, 
also has a polytopic intramembrane sequence called sterol-sensing domain (SSD). 
After the SREBPs are synthesized on ER membrane, SREBPs-Scap binds with each 
other at high affinity immediately (Brown M.S & Goldstein J.L, 1997). Through the 
SSD domain, sterols cause Scap to bind to Insig, a resident ER protein. Whereupon, 
the complex INSIG/SCAP/SREBP is coordinated to regulate and monitor the levels of 
cholesterol in cells. 
When cells are deprived of sterols, Scap/SREBP dissociates from Insig-1. 
Meanwhile, Scap escorts SREBPs to exit the ER and translocate to Golgi apparatus in 
term of COPII- coated vesicles budding from ER (Espenshade P.J, et al., 2002; Sun 
L.P, et al., 2005). When arriving in the Golgi, SREBPs undergoes two proteolytical 
cleavages processed to its nuclear form by Site-1 protease and Site-2 protease, two 
Golgi-associated membrane bound proteases (Brown M.S & Goldstein J.L, 1999). 
Thus, the cytosolic domain of SREBPs is released and translocated into the nucleus to 
regulate the transcription of many genes involving the cholesterol biosynthesis and 
uptake via LDL receptor.     
When cholesterol mounts up in ER membranes, it binds to Scap, allowing 
Scap to bind and stabilize Insig-1. The binding induces a conformational change of 
Scap that block the component of COPII protein to bind to Scap, hence the stable 
INSIG/SCAP/SREBPs complex remains in the ER (Sun L.P, et al., 2005). To explain 
the mechanism, Brown and Goldstein brought forward a model called “convergent 
feedback inhibition”, which suggests that convergence of newly supplied cholesterol 
 7 
Chapter 1                                                                                                        Introduction 
 
and newly synthesized Insig-1 contributes to the blocking of SREBPs processing in 
nucleus (Gong Y, et al., 2006; Brown M.S & Goldstein J.L, 2006). Besides the 
INSIG/SCAP/SREBPs feedback control system, cells also employ an ensemble of 
machineries synergically to monitor and adjust the cholesterol level tightly within the 
physical range.  
1.2.5 Cellular cholesterol trafficking  
                       
Intracellular cholesterol trafficking could have significant effects on the 
heterogeneous distribution of cholesterol and its homoeostasis. But the precise 
trafficking itineraries remain elusive, though it seems likely that several mechanisms 
maneuver in parallel, imparting flexibility and redundancy to cholesterol equilibration.  
                    
Figure 1-2.  Basic mechanisms of cholesterol transport between two membranes. 
(a) Vesicular transport. (b) Diffusion through the cytoplasm either bound to a carrier 
protein (upper arrows) or by free diffusion (lower arrows). (c) Transport across 
membrane contacts. (Maxfield F.R & Wüstner D, 2002) 
 
According to the current understanding, there are at least three potential 
mechanisms contribute to the intracellular cholesterol trafficking: vesicular transport, 
diffusion through the cytoplasm either bound to a carrier protein (non-vesicular 
transport) or by spontaneous free diffusion, and transport across membrane contacts 
(Figure 1-2) (Hao M, et al., 2002; Maxfield F.R & Wüstner D, 2002). However, 
understanding of intracellular transport has lagged behind other aspects of cholesterol 
metabolism. 
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Figure 1-3. A model for intracellular cholesterol trafficking in a simple 
mammalian cell. This diagram indicates the potential trafficking/recycling routes of 
three major cholesterol pools: exogenous cholesterol mediated by low-density 
lipoprotein (LDL), endogenous synthesized cholesterol in the endoplasmic reticulum 
(ER), and cholesterol involved in the cholesterol/cholesteryl ester (CE) cycle. The 
dotted lines denote the possible cholesterol trafficking steps that have not been 
validated. Abbreviations used: AL, acid lipase; CEH, cholesteryl ester hydrolase; EE, 
early endosome; ERC, endocytic recycling compartment; LE, late endosome; TGN, 
trans-Golgi network.  NPC1, Niemann-Pick type C1 NPC2, Niemann-Pick type C2; 
SREBP, sterol-regulatory element binding protein. (Chang T.Y, et al., 2006).                                 
                                                                                                    
 
Vesicular traffic typically is ATP dependant, which provides energy for 
vesicles moving along the intact cytoskeleton. Vesicles may also have sorting 
mechanisms to exclude or incorporate cholesterol at different phases. Nonvesicular 
transport pathways can be mediated by soluble carrier proteins, which may have 
specificity in interactions with receptor proteins on target. Another form of 
nonvesicular transport is spontaneous diffusion, which may involve desorption of 
cholesterol from donor membrane and shuttling across the closely juxtaposed acceptor 
membrane. This process requires cholesterol in the cytosolic leaflet of the donor 
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membrane, perhaps facilitated at contact sites by specialized proteins. The potential 
trafficking/recycling routes of three major cholesterol pools are described as follows: 
exogenous cholesterol mediated by LDL (LDL-CHOL), endogenous synthesized 
cholesterol in the ER(endo-CHOL), and cholesterol involved in the cholesterol/ CEs 
cycle (CHOL/CEs) (Figure 1-3). 
LDL-CHOL   Cellular uptake of LDL-CHOL via the LDL receptor is typically 
receptor-mediated endocytosis (Brown M.S & Goldstein J.L, 1986). Cholesterol 
transport from early to late endosomal compartments is by a conventional direct route. 
Then, some amount of early endosomal membrane freed choletserol may also sort to 
the endocytic recycling compartment (ERC). Cholesterol is transported from ERC to 
PM via the same vesicles that carry recycling proteins. Cholesterol also traffics in the 
opposite direction from PM to ERC, which is considered nonvesicular because it is 
rapid and ATP-independent. There has been controversy regarding the pathway of 
LDL-CHOL to late endosomes: some data suggest that early endosomal LDL 
cholesterol traffics back to the PM before reaching late endosomes (Lange Y, et al., 
2000; Davies J.P, et al., 2000); whereas some interpretations indicate endocytosed 
cholesterol proceeds via the traditional pathway from early to late endosomes not 
involving the PM (Wojtanik K.M & Liscum L, 2003; Sugii S, et al., 2003). It remains 
unclear where cholesterol normally leaves the endosomal pathway and how it egresses 
and allocates to other sites. Among the candidate proteins, NPC1 and NPC2 are 
supposed to be involved in cholesterol transport from endosomes. In addition, the 
OSBP-related protein (ORP) family has 12 members in humans, and two of them have 
been implicated in endosomal cholesterol metabolism (Lehto M & Olkkonen V.M, 
2003). 
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Cholesterol transport from endosomes to ER is thought to follow at least 2 
pathways: the major pathway involves the PM as an intermediate (Skiba P.J, et al., 
1996); the minor pathway that bypasses the PM (Neufeld E.B, et al., 1996). The major 
PM-dependent cholesterol transport pathway has been divided into 2 steps: the 
proximal endosome-to-PM likely involves vesicles moving anterograde through the 
Golgi apparatus; the distal PM-to-ER is also vesicular. The PM-independent minor 
pathway from late endosomes to ER could be vesicular or nonvesicular. Similarly, 
from late endosomes to other compartments like ER, there is potential for both 
vesicular and nonvesicular mechanisms. However, more experiments will be necessary 
to further dissect the steps and candidate carrier proteins involved in these pathways. 
          
Endo-CHOL   For endo-CHOL, it must leave the ER and move against a steep 
concentration gradient to reach the PM. Along this pathway, vesicular and non-
vesicular transport is supposed to be both involved. Vesicular transport along the 
protein secretory pathway en route Golgi is assumed as a minor route for cholesterol 
transport from ER to PM (DeGrella R.F & Simoni R.D, 1982). Although non-
traditional vesicles are possible, cholesterol transport via cytosolic transfer proteins 
from ER to PM is more likely nonvesicular. Furthermore, sites of close physical 
membrane apposition between ER and PM could facilitate this transport (Prinz W, 
2002; Putney J.W.Jr, 1999). Conversely, the mechanism whereby the cholesterol 
retrogrades from PM to ER is uncertain. Two pathways have been proposed: a 
vesicular route via endosomes and/or Golgi apparatus implicated in sphingomyelinase 
(SMase)-induced PM-to-ER transport; and a nonvesicular alternative route.  
CHOL/CEs   The origin of lipid droplet formation is uncertain, but one 
possibility is that they likely form as extensions from the ER. To fulfil the cholesterol 
ester cycle, free cholesterol released from lipid droplets transporting to ER or other 
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compartments is necessary, for it is unlikely that lipid droplets directly contact the ER 
(Van Meer G, 2001). Endosomes may affect cytosolic lipid droplets, because not only 
cholesterol is accumulated in endosomes in NPC mutant cells, a cholesterol analog 
also accumulated in enlarged lipid droplets (Wiegand V, et al., 2003). Soluble transfer 
proteins, caveolin and StAR have also been implicated to mobilize free cholesterol 
released from lipid droplets. 
1.2.6 Cholesterol efflux  
Cellular cholesterol efflux imparts another level of cholesterol regulation to 
maintain the homeostasis. Though considerable progress has been achieved in the past 
few years, there are still significant gaps in understanding the mechanisms for cellular 
export of cholesterol. In cells of peripheral tissues, overloading cellular cholesterol has 
to be exported and transported to liver for reutilization and excretion. There are two 
different mechanisms concerning the cellular cholesterol efflux: one is passive 
diffusion, expedited by the cholesterol gradient at the contact surface between the cell 
and high-density lipoprotein (HDL) particles; another is the HDL-mediated pathway 
(Yokoyama S, 2000).  
Several ABC (ATP-Binding Cassette) transporters are known to play key, but 
indirect roles in the export of sterols. It appears that ABCA1 acts to facilitate 
phospholipids transferring to apoA-I, then cholesterol ensues to be effluxed to the 
phospholipid-loaded apoA-I (Wang N, et al., 2001). Hereby, the nascent, disk-like 
HDL is generated. Subsequently, Lecithin:cholesterol acyltransferase (LCAT), an 
enzyme in plasma, esterifies the cholesterol in nascent HDL and produces mature, 
globular-shaped HDL. Thus, the mature HDL, facilitated by ABCG1, and mediated by 
SR-BI receptor, promotes the uptake of CE into the liver, the adrenals, and other 
steroidogenic tissues in a selective manner (Krieger M, 1999; Azhar S & Reaven E, 
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2002). Then, the HDL-derived cholesterol functions as the important precursor for bile 
acid synthesis in hepatocytes, and precursor for steroid hormone synthesis in 
steroidogenic tissues, or excretes from the body through bile duct. In most mammalian 
cells, a small fraction of cholesterol is converted to oxysterols, and this is one general 
pathway for biochemical metabolism of cholesterol (Schroepfer G, 2000). 
In addition, other aspects, such as lipid-bilayer properties and expression of 
caveolin, the coat protein of caveolae, are proposed to be linked to cholesterol efflux 
(Fielding C.J & Fielding P.Eb, 2001). Nevertheless, the precise mechanisms for the 
output of cellular cholesterol are not yet fully understood. 
 
1.3       Niemann-Pick type C disease  
1.3.1   Clinical and genetic characteristics of NPC  
Niemann Pick Disease type C (NP-C) is an autosomal recessive, neurovisceral 
lipid storage disorder characterized by cholesterol accumulation in the liver, spleen, 
and central nervous system (Paterson M.C, et al., 2001; Ory D.S, 2000). Most often, 
the onset of symptoms appears from early infancy, with heterogeneous clinical 
manifestations. The infantile form of NP-C is rapidly progressive and leads to fatalities 
by the teens. NP-C patients with the “classic” forms include hepatosplenomegaly, 
ataxia, dystonia, seizures, vertical supranuclear gaze palsy, and progressive dementia. 
NP-C disease affects diverse ethnic groups. The prevalence of NP-C has been 
estimated at approximately 1 in 100,000 live births. But due to the limited availability 
of specific diagnostic tests and the clinical heterogeneity of NP-C disease, the true 
incidence may be higher than the estimation (Vanier M.T & Suzuki K, 1998).  
The genetic and metabolic basis of NP-C disease remains for a long time an 
enigma and is not yet fully elucidated. To date, the major advances in the elucidation 
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of the disease have been the discovery of two genetic complementation groups NPC1 
and NPC2, and the subsequent isolation of the two underlying genes. In NPC, 
mutations in these two genes result in the clinical and biochemical NP-C phenotype. 
Over 95% of NP-C cases are caused by mutations in the NPC1 gene, located to 
chromosome 18q11.2 (Carstea E.D, et al., 1993), which was identified in 1997 by a 
positional cloning approach (Carstea E.D, et al., 1997). Most of the mutations from the 
NPC1 patients do not suggest any functionally critical protein domains; however, a 
conserved region is located at the carboxyl-terminal third of the protein that possesses 
a number of cysteine residues between the various NPC1 orthologs (Greer W.L, et al., 
1999). The NPC1 gene is well conserved through about a billion years of evolution, 
allowing studies with a variety of powerful experimental organisms (Higaki K, et al., 
2004). Among the 200 disease-causing mutations have been identified in NPC1 gene, 
NPC1I1161T is supposed to be the most prevalent mutation in NP-C patients. NPC1I1161T 
mutation represents 15-20% of all disease alleles. The NPC1I1161T mutant encodes a 
functional protein that is selected for endoplasmic reticulum-associated degradation 
due to protein misfolding. It is predicted to lie with a cysteine-rich luminal domain of 
the NPC1 protein, which is conserved in S. cerevisiae NCR1 (Millat G, et al., 1999; 
Gelsthorpe M.E, et al., 2008). (Figure 1-4.A) 
Three years later, it was reported that the minor disease locus, HE1/NPC2, 
was mapped to chromosome 14q24.3 (Naureckiene S, et al., 2000), and responsible for 
5% of NP-C disease (Millat G, et al., 2001). The complete genomic sequence of NPC1 
is 57 kb (Bauer B.E, et al., 2003) including 25 exons, while HE1/NPC2 is about 13.5 
kb long, containing 5 exons (Naureckiene S, et al., 2000). S. cerevisiae Npc2p (Ncr2p 
in this study) is a functionally conserved homologue of the human Npc2p (Berger A.C, 
et al., 2005), which suggests that there is an evolutionary conservation of function  
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Figure 1-4. Protein sequence alignment. (A) Protein sequence alignment of human 
NPC1 (cDNA GenBank accession number AF002020) and S. cerevisiae NCR1 (cDNA 
GenBank accession number U33335); Conserved cysteines are underlined in Npc1p. 
(B) Protein sequence alignment of human NPC2 (cDNA GenBank accession number 
AC005479) and S. cerevisiae NCR2 (cDNA GenBank accession number CAA96443). 
Boxed sequences represent a domain that is conserved in yeast S. cerevisiae. 
Sequences were aligned with CLUSTAL. Dashes represent break in actual amino acid 
sequence of respective proteins to allow sequence alignment. Abbreviations for the 
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and W, Trp. 
(Carstea E.D, et al., 1997; Berger A.C, et al., 2005) 
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between human and yeast (Figure 1-4.B). Using Northern blotting analysis of 
HE1/NPC2 mRNA revealed a single transcript of 0.9 kb in all tissues examined, with 
highest levels in testis, kidney and liver. Actually, it is biochemically and clinically 
indistinguishable for the two NPC complementation groups, although abnormalities of 
varying severity can be observed in both groups. However, the precise functions of the 
NPC1 and NPC2 proteins are still elusive, and current knowledge supports the idea 
that these proteins are involved in the cellular lysosomal/late endosomal transport of 
cholesterol and other cargoes. Regarding the similarity in the biochemical criteria and 
clinical manifestations, NPC1 and NPC2 have been proposed to interact or function in 
a common metabolic pathway in tandem or sequentially (Vanier M.T, et al., 1996). 
However, definitive evidence for their linkage and interaction is generally lacking. 
1.3.2     Biochemical characterisation of NPC  
NP-C disease is characterized by accumulation of free cholesterol and 
lycosphingolipids (GSLs) within the endosomal/ lysosomal system in various cell 
types including neurons. The primary features of the cellular lesion in NP-C are 
defects in intracellular cholesterol trafficking and delayed sterol homeostasis response. 
It is evident that cholesterol homeostasis in NPC cells has been severely impaired but 
whether the cholesterol trafficking defect is the cause or potentially a problem 
secondary to some other malfunctions, such as the sequestration of sphingolipids, is 
under being explored.  
Most of the cell biological studies about NP-C disease were derived from the 
fibroblasts or neurons defective in NPC patients, and knock-out mouse models, and 
cells from the natural NPC1−/− mouse and several CHO cell lines featured with NPC1 
mutation. In 1985, Pentchev et al. proposed the first link between NP-C and 
cholesterol (Pentchev P.G, et al., 1985). In these affected cells, cholesterol storage 
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perturbation was regarded as the primary culprit, based on the observations that 
cholesterol was highly elevated in the lysosome-like storage organelles (LSOs). While 
other lipid and protein accumulation are supposed to be an accessory cause, resulting 
from the generalized traffic jam in the organelles. In the NPC neurons, it was shown 
that GSLs were characteristically accumulated, such as glucosylceramide, lactocyl-
ceramide, globoside, GM1, GM2 and GM3 (Taniguchi M, et al., 2001; Vanier M.T, 
1999). So, several researchers bring forward another opinion that NP-C is primarily a 
GSL storage disorder, ensuing with cholesterol accumulation in the LSOs of peripheral 
tissues (Marks D.L & Pagano R.E, 2002; Liscum L, 2000). Moreover, Karten and 
colleagues observed that the overall amount of cholesterol in NPC neurons is not 
significantly different from their wildtype counterparts, but the gross distribution is 
altered. Therefore, in NPC cells, the intracellular regulatory mechanisms for 
cholesterol homeostasis are severely impaired. 
The most classical interpretation of NP-C is that it is initially affecting the 
processing of LDL-derived cholesterol. In NPC cells, the uptake of LDL cholesterol 
and hydrolysis of cholesterol esters are normal. However, due to the defect in 
mobilization of unesterified cholesterol from endo/lysosomes, the LDL-derived 
cholesterol remains trapped and accumulated in endo/lysosomes, which retards 
relocation of lysosomal LDL cholesterol to regulatory sites of cellular cholesterol 
homeostasis. Thus, the defect in the distribution of cholesterol in several other 
organelles is concomitant, including the ER, trans Golgi cisternae, PM and 
mitochondria. In NPC cells, esterification is blocked or diminished because LDL-
derived cholesterol is sequestered and cannot reach the ER (Liscum L & Faust J.R, 
1987). It is noted that the ACAT enzyme is functional in NPC cells (Pentchev P.G, et 
al., 1985), and the activity of esterification in vitro from NPC cell homogenates is 
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roughly normal (Lange Y, et al., 2000). Besides, there is a defect in mobilization of 
newly hydrolyzed LDL cholesterol to the plasma membrane in fibroblasts from NPC1 
patients (Millard E.E, et al., 2000). Also, transfer of endocytosed lysosomally derived 
cholesterol to PM has been shown to be blocked in NPC cells (Liscum L, et al., 1989). 
In NPC fibroblasts, failing to generate 25- and 27-hydroxycholesterol corresponding to 
LDL-loading, suggests the defective trafficking of cholesterol to the mitochondrial 
sterol 27-hydroxylase and the ER/Golgi-localized cholesterol 25-hydroxylase. 
Although a whole body of evidence suggests that the NPC1 and NPC2 
proteins are involved in the cellular lysosomal/late endosomal transport of cholesterol, 
glycolipids and other cargoes, their precise functions and relationship remain elusive 
and are currently the subject of intense investigation. 
1.3.3 The structure and functions of NPC1  
The human NPC1 gene and its murine ortholog have been identified by 
positional cloning methods in 1997. The human NPC1 coding sequence predicts an 
integral membrane protein of 1,278 amino acids with 13 transmembrane spans (Davies 
J.P & Ioannou Y.A, 2000). The estimated molecular weight of the NPC1 protein is 142 
kDa. The NPC1 protein has some important structural features, including sterol-
sensing domains (SSD), NPC1 domain, and di-leucine motif. The transmembrane 
domains between amino acid residues 615 and 797, shares approximately 30% 
sequence homology with the putative sterol-sensing domains. The SSD domain can be 
found in key proteins governing cellular sterol homeostasis, such as 3-hydroxy-3-
methylglutaryl CoA (HMGCoA) reductase, SCAP, as well as the hedgehog signalling 
protein, Patched. (Davies J.P & Ioannou Y.A, 2000). In addition, the amino terminus 
includes a typical signal peptide (amino acids 1-22 ) for ER targeting; and a region 
with a leucine zipper motif between amino acids 55–165, that is highly conserved 
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among NPC1 orthologs and is termed as the NPC1 domain. There is a large, cysteine-
rich luminal loop between amino acids 855 and 1098, containing a ring-finger motif 
that has been proposed to mediate protein homo- and heterodimerization (Carstea E.D, 
et al., 1997). NPC1 also possesses di-leucine motif in the carboxyl terminus, that has 
shown to target proteins to the endocytic pathway and to assist endocytosis via 
clathrin-coated pits (Fukuda R, et al., 1988; Petris M.J, et al., 1999). Besides, the 14 
conserved N-glycosylation sites in the NPC1 protein appear to be glycosylated in vivo, 
suggesting passage through the Golgi apparatus and the plasma membrane (Mukherjee 
S & Maxfield F.R, 2004). Using site-directed mutagenic mapping strategies, the 
functional roles of these domains have been confirmed that any alteration in these 
regions of human NPC1 protein fails to correct the cholesterol trafficking defect when 
expressed in NPC Chinese hamster ovary (CHO) cells (Watari Ha, et al., 1999). 
Investigation of the subcellular localization of the NPC1 protein has provided 
important perception into exploring its cellular functions. In normal cells, wild-type 
NPC1 protein localizes to the late endosomal membrane. But when the intracellular 
cholesterol trafficking is blocked pharmacologically, the NPC1 protein co-localizes 
with sequestered cholesterol in lysosomes (Neufeld E.B, et al., 1999). While inactive 
NPC1 is distributed to the limiting endosomal membrane, when NPC1 protein is 
expressed with mutation in either the leucine zipper motif or the SSD (Watari H.b, et 
al., 1999). The native transmembrane NPC1 interacts transiently with lysosomes and 
the trans-Golgi network (Higgins M.E, et al., 1999; Neufeld E.B, et al., 1999). 
Following the discovery of the NPC1 gene in 1997, although the exact scheme 
remains unclear and some results are contradictory, more and more researchers believe 
that the NPC1 protein has a key role in the modulation of trafficking of multiple 
lysosome cargos in the late endosomal/lysosome system (Neufeld E.B, et al., 1999; 
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Blanchette-Mackie E.J & Pentchev P.G, 1998; Blanchette-Mackie E.J, 2000; Zhang M, 
et al., 2003). Based on those studies, three putative functions can be assigned to NPC1, 
but the dissection of the precise scheme of function has, however, been challenging, 
owing to the methodological constraints. First, NPC1 may function as a cholesterol 
transporter by binding cholesterol from the membranes of the endosomal/lysosomal 
system and redistributing the lipids to other subcellular organelles, such as PM, ER, or 
TGN. There is, however, still a dispute whether NPC1 promotes the initial egress of 
LDL derived cholesterol, or whether NPC1 might intervene in a postplasma 
membrane-recycling pathway, in which both the LDL-cholesterol and endogeneous 
cholesterol trafficking also get involved. Another issue is whether NPC1 binding the 
cholesterol directly or mediated by the complex with NPC2. But, some evidence shows 
that NPC1 does not require NPC2 to bind cholesterol, for NPC1 can bind cholesterol in 
intact cells that lack the NPC2 protein (Ohgami N, et al., 2004). Second, NPC1 may 
function as a docking/fusion protein, permitting cholesterol-loaded vesicles to dock 
and fuse with recycling endosomes for subsequent disposition. But no clue is currently 
available, and more observations are required (Ioannou Y.A, 2000). Third, NPC1 may 
act as a transmembrane efflux pump that propels the passage of cholesterol and 
possibly other lipids out of the endosome for further redistribution among the various 
subcellular pools. An dispute against this hypothesis is NPC1 lacking of an ATP 
binding cassette (ABC), but bioinformatic analysis suggests that NPC1 may act as a 
proton-mediated permease in vitro (Davies J.P, et al., 2000). 
Apart from cholesterol, NPC1 compartment is enriched in glycolipids. Thus, 
glycolipids are also candidates for trafficking dependent on NPC1 (Sugimoto Y, et al., 
2001; Zhang M, et al., 2000), especially considering that they are raft components, 
together with cholesterol and caveolin. Besides, internalization of GM2 ganglioside 
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into endocytic vesicles was found to require functional NPC1 protein (Zhang M, et al., 
2001). Therefore, it remains controversial which lipid species, e.g. sterols, sphingo-
lipids or fatty acids, may serve as the primary substrate for NPC1 under physiological 
conditions (Malathi K, et al., 2004; Davies J.P, et al., 2000). Clearly, more data are 
necessary before the precise function of NPC1 can be assigned. 
1.3.4 The structure and functions of HE1/NPC2  
HE1 was firstly described as a major secretory protein present in the human 
epididymis (Larsen L.B, et al., 1997). Later, it was found mutated in NPC2 patients, 
and thus renamed NPC2 (Naureckiene S, et al., 2000). The human mature NPC2 
protein contains 132 amino acid residues, and the molecular mass is theoretically 
predicted of 14.5 kDa. It is characterized as a small, soluble, ubiquitously expressed 
lysosomal protein, and the NPC phenotype is resulted from functional alteration 
(Naureckiene S, et al., 2000). Many mammalian orthologs have been described with 
highly conserved primary sequences. All polypeptide sequences contain six cysteine 
residues, a proline-rich region (PVPFPIP) and a variable number (one to three) of 
putative Asn-linked glycosylation sites. On the basis of evolutionary analysis and 
mutagenesis studies, four regions (ECR A, B, C and D) were proposed with strong 
conservation and essential for NPC2 function. Among these regions, only ECR D 
appeared to be primarily involved in cholesterol binding; ECR A was proposed to be a 
putative site responsible for efficient secretion; mutation analysis revealed that ECR B 
and C probably interact with other proteins cooperatively to maintain normal 
cholesterol levels (Ko D.C, et al., 2003). 
Different isoforms (molecular mass 19–23 kDa) of NPC2p were detected in 
normal cells by Western blot, indicating heterogeneity of the N-glycosylation 
(Naureckiene S, et al., 2000; Millat G, et al., 2001). It was reported that the 
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intracellular human NPC2 protein existed as two N-glycosylated forms, with either one 
single oligosaccharide chain attached to Asn 58 or two oligosaccharides attached to 
Asn 58 and 135. The evidence showed that only the oligosaccharide chain carried by 
Asn 58 is responsible for proper targeting of NPC2 to lysosomes, and is crucial for 
NPC2 function (Chikh K, et al., 2004). 
Compared with NPC1, little information is so far available regarding the role 
of NPC2 related to cholesterol. A possible mechanism of NPC1 and NPC2 in the 
regulation of cholesterol homeostasis has been proposed through generation of LDL 
cholesterol-derived oxysterols (Frolov A, et al., 2003). In addition, it has been well 
established that the NPC2 protein binds unesterified cholesterol with a 1:1 
stoichiometry and submicromolar affinity (Friedland N, et al., 2003; Ko D.C, et al., 
2003). The SSD domain of NPC1, shown to be highly critical for function of the 
protein (Davies J.P & Ioannou Y.A, 2000), is proposed to be a good candidate for 
interaction with the NPC2–cholesterol complex. As such, Ko et al. have proposed a 
most likely model to speculate the function of NPC2 in modulating cellular cholesterol 
trafficking. In this model, NPC2 binding cholesterol from internal lysosomal 
membranes, positively regulates a physical interaction with NPC1 or another protein, 
and then catalytically transfers the cholesterol out of the lysosome. This assumption is 
consistent with the finding that about 3,000 cholesterol molecules are mobilized by 
each molecule of NPC2 in rescuing npc2 fibroblasts (Ko D.C, et al., 2003). However, 
more convincing evidences are required to elucidate the exact roles of NPC2 
underlying the disease. 
 
1.4     S. cerevisiae as a eukaryotic model system for study of sterol      
          transport 
1.4.1 Advantages of S. cerevisiae as a eukaryotic genetic model  
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To date, yeast has been established as an ideal eukaryotic model for 
biochemical and genetic studies. S. cerevisiae was the first eukaryotic organism to 
have its entire genome sequenced (1996). Some of the features impart S. cerevisiae 
advantages that particularly suitable for exploring the genes involved in cellular 
functions. These features include small genome, rapid growth, clonability, ease of 
replica plating, genome accessibility and genetic manipulability (Burke D, et al., 2000). 
Besides, the existence of haploid and diploid cells facilitates the genetic 
analysis of S. cerevisiae. Also, the development of the homologous recombination 
technique and a highly versatile DNA transformation system make yeast particularly 
approachable with gene cloning and gene disruption. The phenotypes derived from the 
gene deletion or gain of function have contributed to understanding of the function of 
protein corresponded with certain gene. In addition, the accessibility of public 
sequence databases, including yeast genome database and protein database, has 
provided powerful sources for analyzing the genome, as well as the protein structure. 
Furthermore, approximately 30% of the yeast genome has human homologues. Thus, it 
seems likely that many of the genes and pathways revealed in yeast will be identified 
in humans, accompanying the discovery of complete sequence of the human genome 
(Sturley S.L, 2000).  
1.4.2   Sterols in S.cerevisiae 
In yeast and fungi, the major sterol is ergosterol ((22E)-ergosta-5,7,22-trien -
3β-ol) (Figure1-5), which is structurally and functionally closely related to sterols 
found in higher eukaryotes. Ergosterol differs from cholesterol due to the presence of 
double bonds at C7 and C22 and a methyl group at C28. However, they share many 
similarities in the processes of biosynthesis, regulation and esterification and possess 
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similar roles in maintaining the structures and functions of membranes (Henneberry 
A.L & Sturley S.L, 2005).  
                 
Figure 1-5.  The chemical structure of ergosterol. (ergosta-5,7,22-trien-3β-ol,    
                     C28H43OH) 
 
The distribution of free ergosterol in S.cerevisiae is also similarly 
heterogeneous among the subcelluar organelles as in the higher eukaryotic cells. The 
ergosterol-to-protein ratio is highest in plasma membrane，followed by the secretory 
vesicles, suggesting the flow of ergosterol from ER to the cell periphery might be 
mediated by these vesicles. In contrast, the ratio is rather low in mitochondrial 
membranes, vacuoles, microsomes, and nucleus. While in the lipid particles, most of 
the free ergosterol is esterified with long-chain fatty acids with a high ergosteryl ester-
to-ergosterol ratio of 13.3:1 (Zinser E, et al., 1991). With the advances in yeast study, 
S. cerevisiae has been established as a model organism to study intracellular sterol 
metablism and homoeostasis (Sturley S.L, 2000). 
1.4.3   Sterol homeostasis in budding yeast S. cerevisiae  
The molecular mechanisms that govern intracellular transport of sterols in 
eukaryotic cells are only poorly understood. Given the conserved features and process 
between yeast and higher eukaryotes, it has been attempting to use yeast for 
investigating basic aspects of sterol homeostasis. The sterol homeostasis in yeast is 
 24 
Chapter 1                                                                                                        Introduction 
 
          
 
 
Figure 1-6. The cartoon summarizes known vectors of sterol movement in yeast. 
The arrows indicate directional transport. Some of the protein mediators are known: 
Arv1p is a facilitator of anteriograde transport of sterol from sub-cellular organelles to 
the plasma membrane. Ncr1p defines endosomal vacuolar lipid recycling and Aus1 is 
an inward directing ABC transporter of sterol. Are1p and Are2p, yeast ACAT related 
enzymes 1 and 2; Nuc, nucleus; ER, endoplasmic reticulum; Vac, vacuole (equivalent 
to the mammalian lysosome). (Henneberry A.L & Sturley S.L, 2005) 
 
 
also achieved by a dynamic equilibrium between its biosynthesis, uptake, transport, 
utilization, storage and efflux. Some aspects regarding the sterol transport are 
elaborated in a yeast model illustrated in Figure 1-6.                                                               
Yeast cells can obtain sterol via two main resources: either through de novo 
biosynthesis on ER or uptake of sterol from the surrounding growth media. Under 
aerobic conditions, unlike the eukaryote cells, yeast strains synthesize large amounts of 
ergosterol and do not incorporate significant amounts of exogenous sterol (Trocha P.J 
& Sprinson D.B, 1976). Aus1p and its ortholog Pdr11p were identified as the major 
mediators of sterol influx in yeast. They are believed to belong to an extensive family 
of ATP-binding cassette transporter and involved non-vesicular mechanism (Li Y & 
Prinz W.A, 2004). 
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Steryl ester synthesis in S. cerevisiae is catalyzed by two isoenzymes, namely 
the acyl CoA:sterol acyltransferases (ASATs) Are1p and Are2p. They are both 
components of the ER and have 43% amino acid identity (Yu C, et al., 1996). For the 
homologous similarity, human ACAT1 shares 17% amino acid identity with Are2p 
and 16% identity with Are1p. Are2p is the major enzyme and has a significant 
preference for ergosterol as substrate, whereas Are1p mainly esterifies lanosterol, as 
well as ergosterol. In yeast, the esterification enzymes are not essential for life. Double 
deletion of are1are2 mutant cells resulted in undetectable amount of steryl esters, as a 
result, that is largely compensated by an increased level of free sterols (Yang H, et al., 
1997). 
To date, there is scant evidence for sterol efflux in yeast, for this event seems a 
wasteful process for such a microorganism. Tangier syndrome, characterized with a 
defect in cholesterol ellux to extracelluar receptor, has been revealed to result from 
mutations in ABC1, a member of the ATP-binding cassette transporters (Bodzioch M, 
et al., 1999; Rust S, et al., 1999). ABC1 transporters function in the transport of a wide 
variety of substrates across extra- and intracellular membranes, including metabolic 
products, lipids and sterols, and drugs. Some of the 31 members of the ABC1 family in 
yeast have been implicated in sterol homeostasis (Bauer B.E, et al., 1999), whereas 
further evidences regarding sterol efflux are limited.  
NPC1 and NPC 2 are proposed to be the key components in intracellular sterol 
trafficking. A homologous open reading frame (ORF) to human NPC1 (~40% identity, 
~75% similarity at protein level) was identified in yeast and named NCR1 (for NPC1 
related gene 1) (Malathi K, et al., 2004; Sturley S.L, 2000) (Figure 1-4.A). Ncr1p has 
several predicted structural features that are strikingly similar to those of NPC1, 
including multiple membrane spanning domains, an NPC domain with a leucine zipper 
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motif and, more importantly, a putative sterol-sensing domain. Surprisingly, however, 
deletion of NCR1 had no obvious effect on sterol synthesis, esterification and uptake at 
steady state. Recent work from our laboratory demonstrated that Ncr1p localizes to the 
limiting membrane of yeast vacuole through the vacuolar protein sorting pathway 
(Zhang S, et al., 2004). Yet, as is the case for its mammalian counterpart, the 
biochemical function of the native Ncr1p protein remains to be defined. 
The yeast homologue of hNPC2 has been identified and termed Npc2p 
(scNpc2p). To correspond to NCR1 in yeast, we termed NCR2 in our lab, as the 
ortholog of mammalian NPC2. It has been revealed that the Ncr2p predominantly 
resides in the lumen of vacuole in yeast. Through phylogenetic and homology 
modeling studies, it is suggested that NPC2 protein is conserved from yeast to 
mammals (Figure 1-4.B). Further findings demonstrated yeast Npc2p is homologous to 
mammalian NPC2, not only in sequence and structure but also in function (Berger A.C, 
et al., 2005). Unfortunately, exploring the role of Ncr2p has been fruitless to date. 
 
1.5 Project overview and objectives 
Niemann–Pick C is the main metabolic disorder affecting the transport of 
cholesterol through the late endosomal/lysosomal system and intracellular cholesterol 
homeostasis and has been widely used to dissect this pathway. Defects in NPC1 and 
NPC2 are the culprits responsible for the cases of NP-C disease. Although these 
proteins’ functions are still not well understood, cumulative evidence suggests that 
they play important roles in cellular sterol homeostasis. However, definitive evidence 
for the roles played by these proteins in most sterol transport processes is generally 
lacking. 
The budding yeast S.cerevisiae has been proven as an ideal genetic model for 
study sterol homeostasis and trafficking (Sturley S.L, 1998). The analysis of 
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homologue genes for conserved processes in yeast model has been an important 
approach to investigating human gene function. A homologous open reading frame 
(ORF) to human NPC1 (~40% identity, ~75% similarity at protein level) was 
identified in yeast and named NCR1 (for NPC1 related gene 1) (Malathi K, et al., 2004; 
Sturley S.L, 2000). Subsequently, a homologue to NPC2 was also identified and termed 
scNPC2 (Berger A.C, et al., 2005) (NCR2 in this study). Recent work from our 
laboratory demonstrated that Ncr1p localizes to the limiting membrane of yeast 
vacuole through the vacuolar protein sorting pathway (Zhang S, et al., 2004), while 
Ncr2p was found to reside in the lumen of vacuole in the budding yeast. However, no 
changes in sterol homeostasis have been detected in ncr1Δ cells despite the striking 
evolutionary conservation between NCR1 and NPC1. Same case happened in scNPC2 
deletion strain (Berger A.C, et al., 2005). This could be explained by the fact that the 
budding yeast does not take up sterol from its external environment during aerobic 
growth. Alternatively, the apparent normal sterol metabolism in ncr1Δ or ncr2Δ strains 
might result from a lack of movement of endogenous sterol between subcellular 
organelles, especially movement into and out of the vacuole, under laboratory growth 
conditions.  
To address the latter possibility, we tried to seek conditions that can trigger 
sterol movement between cellular organelles in the budding yeast. We then examined 
the roles of Ncr1p and Ncr2p in sterol trafficking under those conditions. Previous 
study in our lab found that, under acute glucose starvation condition, a sharp increase 
in the rate of oleate incorporation into sterol esters in wild type strain (WT). 
Disappointingly, there was no significant difference in the rate of oleate incorporation 
between WT and ncr1Δ strains under such experimental condition. Interestingly, a 
nearly forty percent decrease of sterol esterification was observed in are2Δncr1Δ strain 
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compared with the are2Δ strain. As a control, oleate was incorporated into TAG at 
similar rates among all strains, suggesting there is no defect in fatty acid transport to 
the ER. These results suggest that, among other possibilities, Ncr1p delivers sterol to 
the sites of Are1p for esterification. Furthermore, the kinetic study suggests that there 
is a delay, but not a complete block in sterol movement to the ER in the are2Δncr1Δ 
strain. In addition, the in vitro assay indicates that glucose withdrawal did not change 
the kinetic properties of the enzymes, but rather, it induces the ER relocation of sterols. 
These preliminary data provided an initial insight that the function of the Npc1p is 
involved in regulating the endocytic movement of sterols under glucose starvation 
condition. Meanwhile, the results also revealed a specific functional linkage between 
Are1p and Ncr1p. However, further evidences are required to elucidate the details of 
sterol trafficking mediated by Ncr1p in the budding yeast. Therefore, different 
conditions should be adopted to confirm the observations obtained in previous studies. 
Due to the biochemically identical phenotypes between npc1 and npc2 
cultured fibroblasts (Paterson M.C, et al., 2001), it has been proposed that NPC1 and 
NPC2 act sequentially in a common pathway. In addition, it has been proved that the 
NPC2 protein binds unesterified cholesterol with high affinity (Friedland N, et al., 
2003; Ko D.C, et al., 2003). Based on the preliminary data, we hypothesized that 
Ncr1p could function as a transporter to facilitate exchange of small molecules, such as 
sterols, across the limiting membrane of the vacuole under certain stressed conditions. 
Meanwhile, we assumed the function of Ncr2p is to modulate cellular sterol trafficking 
by binding sterols from internal lysosomal membranes, and positively engaging Ncr1p 
to transfer the sterols, then catalytically transferring the sterols out of the vacuole 
under the same stressed conditions. 
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Therefore, the specific purpose of my study is: 
(1) To characterize further effects of Ncr1p on sterol transport under the 
glucose starvation condition. The previous work in our lab has revealed that the sterol 
esterification was significantly decreased in are2Δncr1Δ strain compared with the 
are2Δ strain with glucose withdrawal. In this study, vacuolar ergosterol was measured 
in ncr1 mutant strains to determine whether sterols would be trapped in vacuole if 
sterol esterification is blocked under acute glucose starvation condition.  
(2)  To verify the potential role of Ncr1p in sterol trafficking in yeast under two 
additional conditions: one is enrichment of the vacuole membrane with sterol upon 
ERG6 overexpression; another is nitrogen starvation triggered autophagy. 
(3)  To determine the localization of Ncr2p in budding yeast. The differential 
centrifugation fractionation analysis and fluorescence microscopy were used to observe 
the subcellular localization of NCR2-GFP fusion protein the budding yeast. 
(4)  To identify whether Ncr2p is functional in the common pathway as Ncr1p     
in sterol trafficking. All the ncr2 mutant strains were subject to the same assays under 
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Chapter 2  Materials and Methods  
2.1   Yeast Strains, Media, Growth and Manipulation of Yeast 
2.1.1 Yeast Strains  
The budding yeast S. cerevisiae strains used and constructed for this study is 
listed in Table 2-1. The wild type strain is W303, and all the strains used were 
derivatives from W303. 
 
Table 2-1.  S. cerevisiae strains used in this study. 
Strain Genotype Resource 
SCY059 
MATa, can1-100, his3-11, 15, leu2-3, 112, trp1-1,  
ura3-1, are1ΔNA::HIS3, are2Δ::LEU2 
Yang H, et al., 
1997 
SCY060 
MATα, can1-100, his3-11, 15, leu2-3, 112, trp1-1,
ura3-1, ade2-1, are1ΔNA::HIS3 
Yang H, et al., 
1997 
SCY061 
MATa, can1-100, his3-11, 15, leu2-3, 112, trp1-1,
ura3-1, are2Δ::LEU2 
Yang H, et al., 
1997 
SCY062 
MATα, can1-100, his3-11, 15, leu2-3, 112, trp1-1,
ura3-1, ade2-1 
Yang H, et al., 
1997 
SZY001 SCY062, ncr1Δ::klURA3 Zhang S, 2006 
SZY002 SCY060, ncr1Δ::klURA3 Zhang S, 2006 
SZY003 SCY061, ncr1Δ::klURA3 Zhang S, 2006 
SZY004 SCY059, ncr1Δ::klURA3 Zhang S, 2006 
SZY005 
MATα, leu2-3, 112 his3-11, 15 ade2-1 ura3-1 
trp1-1can1-1 RAD5, ncr1Δ::HIS3 
Zhang S, 2006 
ZLY857 SCY062, ncr2Δ::klURA3 This study 
ZLY 858 SCY060, ncr2Δ::klURA3 This study 
ZLY 859 SCY061, ncr2Δ::klURA3 This study 
ZLY 860 SCY059, ncr2Δ::klURA3 This study 
ZLY 861 SCY062, ncr1Δ::HIS3 This study 
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ZLY 862 SCY061, ncr1Δ::HIS3 This study 
ZLY 863 SCY059, ncr1Δ::klURA3 This study 
ZLY 864 SCY061, ncr1Δ::klURA3 This study 
ZLY 865 SCY061,  ncr1Δ::HIS3, ncr2Δ::klURA3 This study 
ZLY 866 SCY062, ncr1Δ::klURA3 This study 
ZLY 874 pYep-ERG7-GFP -> SCY062 This study 
ZLY 875 pYep-ERG7-GFP -> ncr1Δ This study 
ZLY 876 pESC-TRP-> SCY062 This study 
ZLY 877 pESC-TRP-> SCY061 This study 
ZLY 878 pESC-TRP-> SCY059 This study 
ZLY 879 pESC-TRP->866 This study 
ZLY 880 pESC-TRP->864 This study 
ZLY 881 pESC-TRP->863 This study 
ZLY 882 pESC-TRP->857 This study 
ZLY 883 pESC-TRP->859 This study 
ZLY 884 pESC-TRP->860 This study 
ZLY 885 pESC-TRP->865 This study 
ZLY 886 pESC-TRP-ERG6 -> SCY062 This study 
ZLY 887 pESC-TRP-ERG6 -> SCY061 This study 
ZLY 888 pESC-TRP-ERG6 -> SCY059 This study 
ZLY 889 pESC-TRP-ERG6 ->866 This study 
ZLY 890 pESC-TRP-ERG6 ->864 This study 
ZLY 891 pESC-TRP-ERG6 ->863 This study 
ZLY 892 pESC-TRP-ERG6 ->857 This study 
ZLY 893 pESC-TRP-ERG6 ->859 This study 
ZLY 894 pESC-TRP-ERG6 ->860 This study 
ZLY 895 pESC-TRP-ERG6 ->865 This study 
 
2.1.2 Media, growth and manipulation of Yeast 
All the materials and techniques for growing and manipulating yeast 
S.cerevisiae were referred as described (Burke D, et al., 2000). Unless otherwise stated 
yeast cells were grown in 30°C incubator with rotary shaking. Plasmid-carrying strains 
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were grown in synthetic medium with appropriate selection. The media used in this 
study are listed in Table 2-2. All media were sterilized by autoclaving at 112˚C for 15 
min. Solid media were made by adding 2% agar. Density of cells was determined 
spectrophotometrically by measuring optical absorbance at 600nm using Beckman DU 
640B spectrophotometer.  
 
Table 2-2.  Media used in this study 
Media                       Compositions 
YPD 1% Yeast extract( Y ), 2% peptone ( P,), and 2% D-dextrose( D) 
YP 1% Yeast extract, 2% Bacto-peptone  
SC– (minus) Leu 
0.67% Yeast nitrogen base without amino acid, 2% dextrose, with 
Leu dropout 
SC – Trp 
0.67% Yeast nitrogen base without amino acid, 2% dextrose, with 
Trp dropout 
SC – Trp – Gal 
0.67% Yeast nitrogen base without amino acid, 2% galactose, with 
Trp dropout 
SC – Ura 
0.67% Yeast nitrogen base without amino acid, 2% dextrose, with 
Ura dropout 
SC – His 
0.67% Yeast nitrogen base without amino acid, 2% dextrose, with 
His dropout 
SC-N 1% Potassium acetate 
 
[9, 10(n) - 3H] oleic acid, [1-14C] oleoyl CoA, and FicollTM PM400, were from 
Amersham Biosciences. Agar, peptone, tryptone, yeast nitrogen base (without amino 
acids) and yeast extract were from Becton Dickinson, USA. Zymolyase-20T was from 
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US Biologicals (Swampscott, MA). Dithiothreitol, Bradford protein assay reagent, 
sodium dodecyl sulphate (SDS), sucrose, Tween 20 and Triton X-100 were from 
BioRad. EDTA was from Duchefa. Tris (Base) was from J.T.Baker.USA. Acetic acid, 
chloroform, diethyl ether, ethanol, hexane, potassium acetate, sodium chloride and 
sodium hydroxide were from Merck.  
Sigma (St. Louis, MO) products include: adenine, all the essential amino acid 
components, ampicilin, aprotinin, ATP, Brefeldin A, BSA, 1,2-dioctanoyl-sn-glycerol 
(DAG), DMSO, ergosterol standard, formaldehyde, galactose, glucose, HEPES, IPTG, 
lithium acetate, leupeptin, lyticase, mannitol, Nile red, NP-40, oleic acid, oleoyl 
coenzyme A, pepstatin A, phenol, RNase (ribonuclease A), sodium azide, sodium 
fluoride, sorbitol, trichloroacetic acid, tunicamycin, tyloxapol, and uracil.  
For antibodies, anti-3-phosphoglycerate kinase (PGK) mouse monoclonal 
antibody, anti-Vph1 (100 kDa Subunit) mouse monoclonal antibody, anti-Pep12p 
mouse monoclonal antibody, goat anti-rabbit IgG-HRP and goat anti-mouse IgG -HRP 
were from Santa Cruz Biotechnology. Anti-GFP rabbit polyclonal was from Molecular 
probes. Anti-FLAG® M2 monoclonal antibody was from Sigma. 
The E. Coli DH5α strain used for plasmid construction was purchased from 
Invitrogen.  
The final concentration of protease inhibitors were as follows: 10µg/mL 
aprotinin; 5µg/mL leupeptin; 8µg/mL pepstatin A; 1mM PMSF.  
 
2.2    Generation of ncr1∆ and ncr2∆ strains 
S. Cerevisiae gene sequence and genome information could be retrieved from 
NCBI or from Yeast Genome Database (http://www.yeastgenome.org/). PCR-based 
gene deletion strategy was adopted as described by Baudin A et al. (1993). 
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NCR2KC3Ura 5'- GAGGGGGTAATCTATAAAC-3' 
K1URA-I 5'-GGGTTCATTGCTCAGAAC-3' 
 
2.2.1 PCR-mediated disruption of NCR1 
Primers NCR1K5Ura and NCR1K3Ura (Table 2-3) were used to produce an 
NCR1 knock-out cassette by PCR, which was used to transform wild type (WT, 
SCY062), are1Δ (SCY061), are2Δ (SCY062), and are1Δare2Δ (SCY059) strains to 
create single or double or triple deletion strains (Erdeniz N, et al., 1998). 
The PCR-mediated gene disruption (Figure 2-1) allows us to create a null 
mutation in the gene of ncr1+, which is replaced with a marker ura3+ to be followed 
genetically. The basic strategy is to isolate a fragment of DNA containing the marker 
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and flanking sequence homology to the gene of interest ncr1+. Through PCR 
amplification, long primers providing the homology are used to amplify a marker. The 
ends of the fragment act as double strand break to invade the homology region, resulting 
in a double crossover that replaces the target gene in the chromosome with the fragment.  
 
   
Figure 2-1.Targeted-gene disruption by long-flanking homologous recombination. 
yfg1+ (your favourite gene) gene is replaced by selectable marker+ gene when 
homologous recombination takes place at the two homologous regions flanking the 
marker. Primer pair (a) and (b) are used for checking successful gene disruption; 
whereas primer pair (a) and (c) are used for checking unsuccessful gene disruption. 
 
2.2.2 PCR-mediated disruption of NCR2 
The NCR2 gene in the wild type (WT, SCY062), are1Δ (SCY061), are2Δ 
(SCY062), and are1Δare2Δ (SCY059) strains were replaced by a URA3 marker 
amplified with primers NCR2K3Ura and NCR2K5Ura (Table 2-3). These primers, 
containing flanking sequences of the NCR2 gene, were used to produce an NCR2 
knock-out cassette including ura3+ by PCR. A PCR fragment was amplified from 
pFA6-kanMX4 and was transformed into these strains to create the corresponding 
NCR2 deletion strains. 
2.2.3 Transformation of yeast 
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Transformation of yeast using lithium acetate was done as described by Gietz 
and Woods (2002). 10 mL of cells were precultured overnight and refreshed to A600 of 
0.1. Grown culture to reach A600 of 0.3-0.6, and collected by centrifugation. Then, cells 
were harvested by spinning at 3000 rpm for 5 min, washed once with 5ml sterile water, 
and precipitated. Subsequently, the pellet was suspended in 1ml 100mM LiAc. After 
the treatment, supernatant was removed. Then, 240μL of 50% (w/v) PEG4000, 36μL 
of 1M LiAc in water, 50μL of carrier DNA in TE (2μg/μL, Qbiogene, USA) and 50μL 
of plasmids or PCR fragment (400 to 700 ng) in TE were added sequentially. The cells 
and reagents were mixed completely and incubated at 30°C for 30 min, followed by 
42°C for 20 min. After the incubation, cells were precipitated and the pellet was 
resuspended in 200μL of sterile water. Finally, the suspension was spread onto 
selective SD solid medium and incubated until colonies were observed. Correct 
replacement was verified by analytical PCR of whole yeast cell extracts. 
2.2.4 Identification of positive ncr1∆ strains  
2.2.4.1  Isolation of genomic DNA from transformants 
After the colonies were appeared on the plate, several single colonies were 
isolated and restreaked onto a plate with fresh selective medium for further screening. 
The yielded colonies were considered as positive transformants. Then, 5mL of 
individual isolated transformant was inoculated into selective medium overnight, and 
harvested. Cells were washed, resuspended in 1mL of ultra-pure water, and transferred 
to eppendorf tubes. After centrifugation, cells were resuspended in 0.2 mL of lysis 
buffer (2% triton X-100, 1% SDS, 100mM NaCl, 10mM Tris-Cl (pH 8), 1mM EDTA) 
and about 100 μL of glass beads (425-600 microns) (Sigma, USA) were filled. Then, 
0.2 mL of phenol: chloroform (1:1) was added, and the mixture was votexed for 5 min. 
Subsequently, 0.2mL of TE was added, followed by centrifugation at 13,000 rpm for 5 
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min. Upper aqueous layer was transferred into a fresh eppendorf tube and the genomic 
DNA was precipitated with 1 mL of 100% ethanol at -20˚C for 20min. The sample was 
centrifuged and the pellet was rinsed with 70% ethanol, then air dried and dissolved in 
50 μL of TE containing 20μg/mL RNase (ribonuclease A).  
2.2.4.2  PCR check for genomic DNA isolated from transformants 
PCR reaction is used to amplify the disrupted chromosomal segment of 
genomic DNA. The genomic DNA prepared from individual transformant was used as 
template for PCR reaction. To verify the gene deletion, one primer (KIURA-I3) (Table 
2-3) was designed according to the sequence within the selectable marker and another 
(NCR1KC5) (Table 2-3) corresponded to the section of the target gene outside the 
sequences covered by the flanking regions. Then, the PCR product was analyzed by 
agarose gel electrophoresis, generating a band of about 1 to 2kb in size. 
2.2.5 Identification of positive ncr2∆ strains  
Same protocol applied as described in 2.2.4.2 for verifying ncr2∆ strains, 
except the primers. For PCR verification, the primers were NCR2KC3Ura and 
K1URA-I (Table 2-3).  
 
2.3    Localization analysis of Ncr2-GFP in S.cerevisiae  
2.3.1   Construction of plasmids    
To construct NCR2-GFP, the entire coding sequence of NCR2 was amplified 
by PCR from S. cerevisiae genomic DNA using the following pair of primers: 
Ncr2-KC5/GFP (5’-GCAAGCTTAGAGCCGGCTATTTCTTA-3’) and Ncr2-GFP3 
(5’-GCGGATCCCCTTGGTGGGAAGATGACT-3’). The underlined restriction  
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Figure 2-2. Diagrams of vectors used for subcloning. 
 
enzyme sites, which had been added to the primers, were utilized to ligate the open 
reading frame to the BamH І and Hind III cleaved YEplac181-scGFP plasmid (Gietz  
R.D & Sugino A, 1998) (Figure 2-2). The subcloned plasmid was derived from the 
YEplac181, in which the GFP coding sequence was inserted between the BamH I and 
EcoR I restriction sites. 
 39 
Chapter 2                                           Materials and Methods 
 
2.3.2 Transformation of bacteria cells  
Ligated products were transformed into E. coli to proliferate large amounts of 
plasmids. For each transformation, 10μL of ligated product was added directly into 50 
μL of Subcloning Efficiency™ DH5α™ chemically Competent E. coli (Invitrogen, 
USA), mixed by tapping gently and incubated on ice for 30 min. The cells were then 
heat-shocked in 37°C water bath for 25 sec and subsequently chilled on ice for 2 min. 
200μL of LB medium (Luria Bertani – 1% (w/v) Tryptone, 0.5% (w/v) yeast extract 
and 0.5% (w/v) NaCl) was then added and the tube was further incubated at 37°C for 1 
hour in shaking incubator. After incubation, the transformation culture was plated on 
solid LBA (LB with 100μg/mL ampicilin) for overnight to select the positive 
transformants.  
2.3.3 Minipreps of plasmid DNA  
This method was used to isolate small quantities of plasmid DNA from 
bacterial cells. Individual E.coli transformant was inoculated into 2 mL of LBA liquid 
media and incubated overnight in 37°C incubator. Cells were pelleted, washed once, 
and resuspended in 100 μL of ice-cold solution I (25mM Tris (pH 8.0), 10mM EDTA 
(pH 8.0) and 50mM glucose) with vigorous vortex. Then, followed by 200μl of 
solution II (0.2M NaOH and 0.1% SDS), mixed by inverting 4-6 times. After 
incubation on ice for 5 min, 150μl of cold solution III (3.0 M potassium acetate and 0.5 
M acetic acid (pH 4.8)) was added and mixed by inverting. Another 3-5 min 
incubation on ice followed, samples were centrifuged at 13,000g for 5 min and 
supernatant was transferred to a new tube. Then, the extracted DNA was mixed with 
1mL of 100% ethanol, kept at -20˚C for at least 10 min and spun down at 13,000g for 
15 min. The pellet was then rinsed with 1mL of 70% ethanol, air dried and then 
dissolved in 25μL of TE buffer containing 20μg/mL RNase. These plasmids were 
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digested with restriction enzymes and analysed by gel electrophoresis. After verified, 
the positive plasmid was transformed into the budding yeast S. cerevisiae for further 
examination. 
2.3.4   Visualization of NCR2p-GFP 
The plasmid expressing NCR2-GFP was transformed into wild type yeast 
cells. Yeast cells were preincubated overnight and refreshed to mid log phase at 30 ºC, 
washed and observed directly using fluorescence microscopy from Leica DMLB 
(Wetzlar, Germany). The microscopy was equipped with a set of Leica FW4000 
software, a Curtis ebq 100 fluorescent lamp. Samples were viewed using a ×100/1.30 
oil immersion objective lens and images were recorded using a DFC480 digital camera. 
Green fluorescence protein (GFP) signal was visualized with a 470/40-nm bandpass 
excitation filter, a 500-nm dichromatic mirror, and a 525/50-nm bandpass emission 
filter (Leica filter cube GFP).  
2.3.5   Subcellular fractionation 
Cells were fractionated using differential centrifugation following osmotic 
lysis as previously described (Paravicini G, et al., 1992). Cell were grown in rich 
media and refreshed to OD600 of 1, then incubated in 1mL of 50 mM Tris-HCl (pH8) 
and 1% 2-mercaptoethanol at 30oC for 10 min. Cells were converted to spheroplasts by 
treatment with zymolyase 20T at 30oC for 40 min (2mg/g wet cell weight, dissolved in 
1mL 1.2M sorbitol, 50mM potassium phosphate (pH 7.5), 1 mM magnesium chloride). 
Spheroplasts were washed once in 1.2M sorbitol, followed by adding 10µg/mL 
aprotinin, 5µg/mL leupeptin, 8µg/mL pepstatin A and 1mM PMSF. Then, the 
spheroplasts were subjected to osmotic lysis in 1.3mL of cold buffer (0.2M sorbitol, 
50mM Tris-HCl (pH 7.5) and 1mM EDTA). All the following steps were performed at 
4oC. Cell debris was removed by centrifugation at 500×g for 5 min, yielding about 
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1.2ml of whole cell extract (WCE). Subsequently, a P13 fraction (pellet) was obtained 
by centrifugation at 13000×g for 10 min from 1.0 mL of WCE. Then, centrifugation at 
100000×g for 30 min was followed to yield P100 (pellet) and S100 (supernatant) 
fractions from the resulting supernatant. The WCE and S100 fraction were precipitated 
by 10% TCA, and resuspended in 40µL and 200µL of loading dye (8M Urea, 5% SDS, 
40mM Tris-HCl (pH6.8), 0.1mM EDTA, 0.06% Bromophenol blue and 10% 
2-mercaptoethanol). Also, the P13 and P100 fractions were resuspended in 200µL of 
loading dye. After heat-shock at 37˚C for 10 min, samples were subjected to 
SDS-PAGE and immunoblot analysis. Anti-GFP was used to detect the localization of 
NCR2-GFP in budding yeast. 
2.3.6   Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis   
(SDS-PAGE) and Immunoblotting Analysis  
Proteins were separated by size using 8% or 10% polyacrylamide gel in the 
presence of 0.1% sodium dodecyl sulfate (SDS). Following transfer of the proteins, the 
nitrocellulose membrane was blocked with 3% non-fat milk in TBST (20mM Tris-HCl, 
137mM NaCl and 0.1% Tween-20) for 2hr, and probed with a primary antibody at the 
desired concentration. Bound primary antibody then be detected with HRP-conjugated 
secondary antibody and visualized using Super Signal Western Pico blotting detection 
reagent (Pierce, USA). Then, the film was developed using Kodak M35 X-OMAT film 
processor.  
2.3.7   Sucrose density gradient fractionation 
The protocol was adopted as described previously (Losko S, et al., 2001). 400 
mL of cell culture were grown to early-log phase (OD600 of 0.3-0.4). Cells were 
harvested by centrifugation at 2000×g at 4oC for 10 min in JLA10-5 rotor (Beckman). 
Cells were washed and pelleted at 300×g for 2 min at 4oC and resuspended in 75µl of 
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STED10 (10% (w/w) sucrose (dissolved in 10mM Tris-HCl pH7.6, 1mM EDTA, 1mM 
DTT (freshly prepared)), including protease inhibitors (10µg/mL aprotinin, 5µg/mL 
leupeptin, 8µg/mL pepstatin A and 1mM PMSF). 
Tubes were filled with 3/4 full of glass beads and cells were broken in the 
beads beater for 30 sec of burst, cooled for 2 min on ice, repeated for 4 times. 200µL 
of STED10 (plus protease inhibitors) was added to each tube pierced in the lid and 
bottom. The tubes, placed inside fresh tubes, were spun briefly to collect the whole cell 
lysate. Then, 600µL of STED10 was added to the lysate and mixed gently. 
Centrifugation at 300×g for 5 min at 4°C was followed to remove the cell debris, and 
the supernatants (~1.2 mL) were carefully pooled into fresh tubes avoiding the cell 
debris. 
Sucrose gradient was prepared as follows: 3.8mL of STED50 [53% (w/w ) 
sucrose], 3.8mL of STED35 [35% (w/w) sucrose] and 3.8mL of STED20 [20% (w/w) 
sucrose] were layed on top of each other sequentially into an SW41Ti centrifuge tube, 
each containing aprotinin, leupeptin, pepstatin A (no PMSF due to precipitation). Then, 
the centrifuge tubes were placed to a horizontal position carefully. After 3-5 hours of 
horizontal diffusion, the tubes were resumed to an upright position. 1mL of cell lysate 
was loaded on top of the sucrose gradient. After centrifugation for 14-17 hours at 
100,000×g in a SW41Ti rotor at 4 °C, 920µL of the samples were collected for each 
fraction. The collected samples were applied to SDS-PAGE and immunoblotting, 
detected with anti-Pep12p as endosomal membrane marker and anti-Vph1 as vacuole 
membrane marker. 
 
2.4    Assays under acute glucose starvation  
2.4.1 In vivo assays for sterol esterification  
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Sterol esterification was measured by incorporation of 3H-oleic acid into sterol 
esters as described in Yang et al. (1996). For glucose starvation, cells were grown in 
YPD to mid-log phase at 30°C, harvested, washed twice with sterile water and 
resuspended in YP. Cells were then cultured in YP for up to 2 hours. At various time 
points after changing medium, cells were pulsed labelled with 5μCi [3H]-oleic acid for 
30 min, mixed with 25μl tyloxapol/ethanol (1:1). Approximately 50 μL of 0.2% 
sodium azide was added into the mixture and placed on ice. Cells were precipitated at 
1000×g for 5 min and washed twice with 5mL of 0.5% tergitol (NP40) and once with 
deionized water. Samples were pelleted and lyophilized overnight. 
Cell lysis and neutral lipid extraction were followed. Dried pellets were 
weighed and transferred to 15mL conical tubes. 50μL of lyticase solution (1700 
units/ml in 10% glycerol plus 0.02% azide) was added to cells and incubated at 37oC 
for 15 min, -70 oC for 1 hour and 37 oC for 15 min, respectively. 200μL of isopropanol 
and 0.25μl of [14C] cholesterol were loaded in the mixture, votexed, and put at RT for 
30 min. 5mL of hexane was added into each sample, vortexed at full speed for 2 min. 
5mL of KCl: MeOH (2M KCl: MeOH 4:1) was added then. After vortex at full speed 
for 2 min again, samples were centrifuged at 3000×g for 5 min. Subsequently, the top 
organic phase was transferred into glass tube for neutral lipid separation.   
Neutral lipids were quantified with thin layer chromatography (TLC). The 
organic phase was blown dry with nitrogen current, and resuspended in100μL of 
CHCl3: MeOH (2:1). Samples were spotted on Silica gel 60 F254 plates (Merck, 
Germany), and developed in hexane: diethyl ether: acetic acid (70:30:1), and stained 
with iodine vapor. Subsequently, samples were incubated with 5 mL of betamax and 
incorporation of [3H] oleate into SE and TAG was determined by scintillation counting 
(Beckman). The readout was normalized to [14C] cholesterol internal standard and the 
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cell dry weight. The data is denoted as means of triplicate assays with the 
corresponding standard deviations.  
 
2.4.2   Isolation of intact vacuoles in yeast 
To isolate the vacuole at high purity from yeast, we adopted the protocol 
established by Daum G group. (Leber R, et al., 1994). In brief, yeast cells were grown 
in rich medium (YPD) to mid-log phase, washed twice and resuspended in YP. Cells 
were harvested, washed and suspended in 0.1M Tris·SO4 (pH 9.4) and 10 mM 
dithiothreitol (0.5 g cell wet weight/ml) and incubated in water bath for 10 min at 30˚C. 
Conversion to spheroplasts was followed as described (Daum G, et al., 1982). The cell 
pellets were washed once with 1.2 M sorbitol and resuspended in spheroplasting buffer 
(1.2M sorbitol, 20mM potassium phosphate pH7.4, Zymolyase 20T, 2 mg/g of cell wet 
weight). The suspension was incubated in water bath at 30˚C for 45 min with gentle 
shaking. Then the spheroplasts were suspended in breaking buffer (10mM MES-Tris 
(pH6.9)- 12%(w/w) Ficoll 400- 0.2mM EDTA). Subsequently, spheroplasts were 
homogenized with a Dounce homogenizer applying 10-20 strokes using a loose fitting 
pistil. After, the homogenate was transferred into 13.5 ml Ultra clear centrifuge tubes 
(Beckman) and overlaid with an equal volume of breaking buffer. Centrifugation was 
performed for 60 min at 28,000 rpm in an SW-41 swing bucket rotor (Beckman). The 
floating layer was collected and resuspended gently in breaking buffer using a Dounce 
homogenizer with a loose fitting pistil. The suspension was again transferred into the 
Ultra clear tubes, overlaid with an equal volume of 8% (w/w) Ficoll 400 (10mM 
Tris·Cl pH 7.4, 0.2mM EDTA), and centrifuged as described above. The floating layer 
was recovered, resuspended gently in 8% (w/w) Ficoll 400 (10 mM Tris·Cl, 0.2 mM 
EDTA, 0.6 M sorbitol), and overlaid with 0% Ficoll solution (10 mM Tris·Cl, 0.2 mM 
EDTA, 0.25 M sorbitol). After centrifugation at 28000 rpm for 30 min, highly enriched 
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vacuoles were precipitated as pellets. The pellets were recovered in 0% Ficoll solution, 
which was used for subsequent analysis or snap-frozen in liquid nitrogen at this stage 
and stored at –80˚C for further use. 
2.4.3 Assessment of the purity of isolated vacuoles 
The highly purified vacuoles were subjected to SDS-PAGE and immunoblot 
analysis with vacuole membrane marker (Anti-Vph1 100 KD subunit, Molecular 
Probes, Invitrogen, USA ) compared with crude lysate. 
2.4.4 Sterol analysis   
Vacuolar lipids were prepared and analyzed as described in 2.4.1. The lipids 
in vacuole were separated by TLC with the solvent system hexane/diethyl ether/acetic 
acid (70:30:1), and ergosterol was loaded as standard. Ergosterol was quantitated by 
direct densitometry at 475 nm with CAMAG TLC Scanner 3 (Sorger D, et. al., 2004) 
and normalized to total vacuolar protein content. Vacuolar protein concentration of the 
collected samples was spectrophotometrically determined by using the Bio-Rad 
Protein Assay Dye Reagent Concentrate, based on the method of Bradford. Bovine 
serum album (BSA) (Sigma) was used as standard. The data is indicated as means of 
triplicate assays with the corresponding standard deviations. 
 
2.5    Assays upon Erg6p overexpression 
2.5.1 Construction of plasmid  
To express Erg6p, the entire ORF coding the ERG6 (~1.2 kb) was amplified 
by PCR from yeast genomic DNA using the following pair of primers: 
ERG6Gal5 : 5'-ggCgAATTCgTAggCAgCATAAgATgAg-3', and ERG6Gal3: 5'- 
gCggCggCC gC TTgAgTTgCTTCTTgggAA-3'. The PCR product was digested by 
EcoR I and Not I and subcloned into carboxyl terminus of the FLAG epitope tag in the 
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pESC-TRP galactose-inducible expression vector (6.5 kb, Stratagene, La Jolla, CA) 
(Figure 2-2) to generate pESC-TRP-ERG6. In the subcloning, DNA fragments were 
purified from agarose gel using GFX Gel Band Purification kit (Amersham 
Biosciences). The ligated product was transformed into competent cells, followed by 
miniprep of plasmid DNA. The isolated plasmid was digested with the restriction 
enzyme and analysed by agarose gel electrophoresis. After confirmed, the construct 
plasmid was used to transform wild type (W303), ncr1∆, are2∆, are2∆ncr1∆, 
are1∆are2∆ and are1∆are2∆ncr1∆ to create Erg6p overexpressed strains. Similarly, 
Erg6p overexpressed ncr2∆, are2∆ncr2∆, are2∆ncr1∆ncr2∆ and are1∆are2∆ncr2∆ 
strains were also generated.  
2.5.2 Characterization of Erg6p overexpression induced by galactose 
Cells that endogenously overexpressed ERG6 were grown in the selective 
medium SC-Trp (with 2% glucose) overnight and refreshed to a density of 107cells 
/mL in the next morning. Meanwhile, cells carrying pESC-TRP were grown under the 
same condition as a negative control. Then, cells were harvested, washed and shifted 
into SC-Trp with 2% galactose and continuously shaken at 30˚C for induction. 
Subsequently, samples were taken at 30min, 1hr, 2hr and 4hr respectively after 
galactose induction. Protein extraction was followed and equivalent protein content 
was processed for subsequent SDS-PAGE and immunoblot analysis with anti-FLAG 
and anti-PGK as a loading control. 
2.5.3 Determination of vacuolar ergosterol upon Erg6 overexpression 
The methods of vacuole extraction and ergosterol determination were 
performed as described previously (Part 2.4), except that cells were grown in SC-Trp. 
Then culture was shifted to SC-Trp with galactose for induction at desired time points. 
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The data is expressed as means of triplicate assays with the corresponding standard 
deviations. 
2.5.4 Colony growth assay  
The cell strains of are1∆are2∆ and are1∆are2∆ncr1∆, carrying the 
pESC-TRP-ERG6, were grown in SC-Trp to mid-log phase. Cells were washed twice 
and resuspended in sterile water. Then, the colony growth assays was performed using 
a 10-fold dilution series of cultures. The indicated strains were plated on SC-Trp media 
with 2% glucose or 2% galactose. Growth was examined until the cells clustered. 
2.5.5 Extraction of sphingolipids from yeast vacuoles 
Sphingolipids were extracted as described by the method of Sullards M.C, et 
al. (Sullards M.C & Merrill A.H, 2001). To isolate lipids, 2mL of 95% ethanol- 
water-diethyl ether-pyridine-ammonium hydroxide (15:15:5:1:0.018) was added. 
Meanwhile, the relevant internal standards (e.g. C19-Ceramide, C8-Glucosylceramide 
and C17-Phosphatidic acid solublized in chloroform, from Avanti Polar Lipids 
(Alabaster, AL, USA)) were also included accordingly. Cells were broken with glass 
beads by vortex, then incubation for 20 min at 60˚C was followed. Pellet debris was 
removed by centrifugation, and supernatant was transferred to a fresh tube. Pellet was 
extracted once more in the same manner and the supernatant was pooled. The pooled 
supernatant was divided into three aliquots for the following sphingolipids extraction. 
Subsequently, the supernatant was dried under a stream of nitrogen. The dried lipid 
film was resuspended in 400µL of chloroform-methanol-water (16:16:5, v/v/v), and 
followed by adding 400µL of 0.2N NaOH and incubation at 30˚C for 45 min on a 
shaker. Then, 400µL of 0.5M EDTA was added and the solution was neutralized with 
1N acetic acid. Next, 400µL of chloroform was added and vortexed, then centrifuged 
at 9000rpm for 2 min. Collected the organic phase and 400µL of 0.5M EDTA was 
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added with vortex. After centrifugation at 9000 rpm for 2 min, the organic phase was 
recovered and dried under nitrogen current. Finally, dried lipid film was stored at 
-20˚C/ -80˚C for subsequent assays. All the samples were sent to Dr. Markus R. 
Wenk’s Lab for further mass spectrometry analysis and data processing. Electrospray 
ionization mass spectrometry (ESI-MS) was performed on a Waters Micromass Q-Tof 
micro (Waters Corp., Milford, MA, USA) mass spectrometer. Quantification of 
individual molecular species was performed using multiple reaction monitoring (MRM) 
with an Applied Biosystems 4000 Q-Trap mass spectrometer (Applied Biosystems, 
Foster City, CA, USA). Lipid concentrations were calculated relative to the relevant 
internal standards. 
 
2.6    Assays under nitrogen starvation  
2.6.1   Construction of plasmid 
ERG7 fragment (~2.8kb) was amplified by PCR primers: 5'-gCgAAgCTTgC- 
TTggTTTAgTCAAgAgT-3' and 5'-ACgCgTCgACAAgCgTATgTgTTTCATATg-3'. 
The PCR product was digested by restriction enzyme Sal I & Hind III and inserted into 
the vector YCplac111-GFP (7.2kb) to create the construct plasmid YCplac111- 
ERG7-GFP. YCplac111-GFP plasmid is derived from the YCplac111 in which the 
GFP coding sequence was inserted between the BamHI and EcoRI restriction sites. The 
recombinant plasmid was recovered from transformants that able to grow on SC-Leu 
medium, and the correct recombination was confirmed. The construct plasmid was 
further transformed into Wild type (WT) and ncr1∆ yeast strains.  
2.6.2 Identification of Erg7-GFP  
WT cells carring Erg7-GFP was cultured overnight to mid-log phase at 30°C 
in 3 mL of SC-Leu medium. Total protein extraction was followed and processed for 
 49 
Chapter 2                                           Materials and Methods 
 
subsequent SDS-PAGE and immunoblot analysis, probed with monoclonal anti-FLAG. 
Then, westernblot were visualized by enhanced chemiluminescence (PIERCE). 
2.6.3 Erg7-GFP Degradation assay 
Wild type and ncr1∆ cell strains expressing ERG7-GFP were grown in 
SC-Leu medium to mid-log phase, harvested and washed and resuspended in medium 
lacking nitrogen (SD-N), namely 1% potassium acetate. Samples were collected hourly 
for 4 hours for following total protein extraction.  
For yeast protein extraction, 10µL of cell culture was grown to OD600 of 
0.8-1.0, and then harvested by centrifugation for 3 min at 3000×g. The pellet was 
suspended in 1.5mL of stopmix (0.9% NaCl, 1mM NaN3, 10mM EDTA, and 10mM 
NaF) in a 2mL microcentrifuge tube. Cells were spun down again and resuspended in 
200μL of cold lysis buffer (1% Triton X-100, 0.1% SDS, 0.05M Tris (pH7.2), 1% 
Na-Deoxycholic acid, 1mM Na-orthovanadate), including protease inhibitors. Then, 
the tubes were filled with equal or ¾ volume of glass beads (Biospec, Inc.) and cells 
were broken in a beads-beater for 30 sec for 4 times. An interval of 2 min on ice was 
given between each burst. Samples were spun down at 500×g for 1 min and the 
supernatant was spun for another 5 min. Supernatant was collected and the total 
protein was extracted. Aliquots with equivalent protein content were applied for 
SDS-PAGE and immunoblot analysis using antibody against GFP (Molecular Probes, 
Invitrogen, USA).  
2.6.4 Cell viability assay 
In this assay, 10mL of cells from wild type and ncr1∆ cell cultures were 
grown in YPD in 30˚C incubator. At early-log phase, cells were harvested, washed and 
transferred to SD-N medium. At each time point, 1 mL of cell culture was taken out 
for viable cells plating and total cells counting. The viable cells were determined by 
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the colony-forming test. Based on the estimation that OD600 of 1 is equivalent to 3 × 
107 cells per mL, the culture was plated with proper dilution factor so that a counting of 
200-400 colonies per plate would be obtained. Then, 100μL of diluted culture was 
plated onto YPD plate in triplicate. Therefore, the number of viable cells was 
determined by the average number of colonies multiplying the dilution factor. 
Meanwhile, for the total cells counting, 10 μL of culture from the same aliquot was 
fixed by mixing with 90 μL of 37% formaldehyde and diluted to a proper 
concentration. The total cell number in a suspension was calculated by using a 
hemocytometer (Heinz, Germany). Then, cell viability assay was performed at 
indicated time points. Cell viability was determined as the ratio of the number of viable 
cells divided by total number of cells per mL culture. Growth curves were plotted with 
the cell viability at different time points for wild-type and ncr1∆ strains. 
 
2.7   Reproducibility of results and statistical analyses 
All experiments were performed in multiplicates (n≥3) independently and 
representative results were shown. Some experiments were performed using different 
genetic background. Statistical analyses were performed using Student’s t-test, and 
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3.1  Introduction 
Niemann-Pick C (NP-C) disease is an autosomal recessive lipid storage 
disorder. The elucidation of a disease state has frequently shed light on metabolic 
pathways, including sterol metabolism. Mammalian cells acquire cholesterol though 
exogenous uptake and endogenous synthesis. The biochemical hallmark of NPC1 
mutant cells is the accumulation of low density lipoprotein (LDL) derived cholesterol 
in the endosomal/lysosomal system. Recent studies suggest that the transport of 
endogenously synthesized cholesterol is also partially defective in mutant NPC1 cells 
(Cruz J.C & Chang T.Y, 2000; Reid P.C, et al., 2003). In their studies, they found that 
PM-associated LDL-derived cholesterol pool was in rapid equilibration with the 
NPC1-associated internal cholesterol pool, whereas most of the post-PM endogenous 
cholesterol took longer (8hr) to ultimately redistribute to the NPC1-associated 
intracellular cholesterol pool to be recycled back to the PM or to the ER for 
esterification. 
   Yeast has been well established as a powerful eukaryotic model for biological 
study. Studies carried out in yeast, particularly in the budding yeast have provided 
important insights into the mechanisms of cellular cholesterol metabolism and 
homeostasis (Sturley S.L, 2000). Ncr1p is an uncharacterized 1,170-residue 
transmembrane protein and structurally similar to Ptc and the SSD of SCAP. Previous 
study in our lab has shown that Ncr1p is a vacuolar membrane protein and localizes to 
the limiting membrane of the yeast vacuole (Zhang S, et al., 2004), which is the 
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functional counterpart to mammalian lysosomes. Ncr1p shares 40% identity to the 
human Npc1 protein, and is identical to the normal NPC1 allele at many residues 
implicated in NP-C disease (Greer W.L, et al., 1999; Ribeiro I, et al., 2001). However, 
no changes in sterol homeostasis have been detected in ncr1Δ cells despite the striking 
evolutionary conservation between NCR1 and NPC1 (Malathi K, et al., 2004). This 
could be explained by the fact that the budding yeast does not take up sterols from its 
external environment during aerobic growth. Alternatively, the apparent normal sterol 
metabolism in ncr1Δ strain might result from a lack of movement of endogenous sterol 
between subcellular organelles, especially movement into and out of the vacuole, 
under laboratory growth conditions.  
3.1.1   Acute glucose starvation 
To address the possibility, three conditions were explored to trigger sterol 
movement between subcellular organelles in the budding yeast. Parks and colleagues 
showed about 30 years ago that glucose starvation caused more than 4-fold increase in 
the amount of sterol esters, indicating that plasma membrane sterols move to the ER 
for esterification upon glucose starvation. In mammalian cells and yeasts, sterol 
esterification takes place in the ER. To monitor the sterol transport to the ER, the sterol 
esterification assay, namely labelled oleate incorporation into ER, has been widely 
used as a standard method and also thought to reflect the regulatory pool of ER sterol. 
Then, it was found that a 4-5 fold increase in the rate of oleate incorporation into sterol 
esters in WT strain. Disappointingly, there was no significant difference in the sterol 
esterification between WT and ncr1Δ strains under such experimental conditions. 
There are two sterol esterification enzymes in yeast, Are1p and Are2p, and both of 
them have been shown to localize to the ER (Yang H, et al., 1996; Zweytick D, et al., 
2000). Previous study in our lab showed that there was little difference in sterol 
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esterification between are1Δ and are1Δncr1Δ cells, whereas a nearly forty percent 
decrease was observed in are2Δncr1Δ strain (ARE1 remains on ER) compared with the 
are2Δ strain (unpublished data). In this study, we examined the total free ergosterol of 
vacuoles upon glucose withdrawal. The result showed that vacuolar ergosterol was 
significantly elevated in are2ncr1 double deletion strain (21%) and in the 
are1are2ncr1 triple deletion strains (24%) as compare with are2Δ and are1Δ are2Δ 
strains, respectively. 
3.1.2   Erg6p overexpression 
Next, we found a different way to enrich the vacuole membranes with sterols. 
The vacuole is analogous to the mammalian lysosome, sitting at the end of the 
endocytic pathway. It contains a variety of unspecific hydrolases, primarily serving as 
a storage and digestive compartment. The roles of vacuole include storage of 
metabolites, removal of toxic substances, and degradation and recycling of 
macromolecular. Especially, during environmental changes and stressed conditions, 
like nutrient deprivation, the vacuole plays an essential role in the adaptation of the 
cells to the milieu (Thumm M, 2000). ERG6 encodes delta (24)-sterol C-methyltrans- 
ferase, which converts zymosterol to fecosterol by methylating C-24 in the ergosterol 
biosynthetic pathway (Parks L.W, et al., 1995; Gaber R.F, et al., 1989). Lipid particles 
harbor 80% and the ER 20% of total cellular Erg6p. Gary Eitzen and colleagues 
showed that overexpression of ERG6 will lead to increased vacuolar sterols, which 
will in turn lead to enhanced vacuolar membrane fusion (Tedrick K, et al., 2004). Then, 
we overexpressed ERG6 in wild type and ncr1∆ strains and found sterol was elevated 
on vacuole membranes in both strains. Subsequently, we overexpressed ERG6 under a 
Gal promoter in are1are2 double deletion strain which is deficient in sterol 
esterification; and also in are1are2ncr1 triple deletion strain. There was a 32.7% 
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increase in vacuolar sterol when NCR1 was deleted. Interestingly, we found that the 
double deletion strain grew slowly upon ERG6 overexpression; whereas the triple 
deletion strain grew normally.  
3.1.3   Autophagy 
The third way is a more natural and more physical condition, namely nitrogen 
starvation induced autophagy. Autophagy is a membrane trafficking and rearrangement 
process that transports bulk cytoplasmic materials and sometimes entire organelles to 
vacuole for degradation and recycling in response to nutrition starvation or during 
specific physiological condition (Klionsky D.J & Emr S.D, 2000). Autophagy has two 
major forms: microautophagy and macroautophagy. Microautophagy directly uptakes 
substrates by protruding or invaginating a portion of the vacuole membrane. To date, 
limited information about the microautophagy is available. Macrophagy involves the 
de novo formation of the sequestering of vesicle in the cytosol, which is mediated with 
the characteristic membrane structure – autophagosome (Noda T, et al., 2002).  
Here, we are more interested in the starvation-induced process of 
macroautophagy (hereafter referred to as autophagy) in the yeast S. cerevisiae in this 
study. In yeast, autophagy appears to operate at a basal level in vegetative conditions 
and is up-regulated during starvation. In addition, a biosynthetic vacuolar trafficking 
pathways, termed the cytoplasma to vacuole targeting (Cvt) pathway found in yeast, 
operates through a mechanisn that is similar with autophagy. The differences between 
these two pathways include the specific molecular components, size of their transport 
intermediates, and the content of the cargoes. For example, the Cvt vesicles are smaller 
than autophagosomes and do not enclose cytosolic material (Huang W.P & Klionsky 
D.J, 2002). 
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Figure 3-1. Schematic representation of macroautophagy (autophagy) and the 
Cvt pathway in yeast. In both autophagy and the Cvt pathway, cargoes are engulfed 
by double membrane vesicles. During autophagy, various cytoplasmic components 
such as organelles and cytoplasm are sequestered into a large, double membrane 
autophagosome that is 300–900 nm in diameter. The Cvt pathway occurs during 
vegetative conditions; it is a biosynthetic pathway used to deliver the inactive form of 
the resident hydrolase aminopeptidase 1 (Ape1) to the vacuole. The Cvt vesicle ranges 
from 140 to 160 nm in diameter and, in contrast to the autophagosome, appears to 
exclude bulk cytoplasm. Following completion, the outer membrane of the 
sequestering vesicle fuses with the vacuolar membrane. The inner vesicle along with 
its contents is released into the vacuolar lumen where the vesicle membrane is 
degraded, allowing processing and activation of prApe1. Under starvation conditions, 
prApe1 is packaged into autophagosomes and is transported to the vacuole along with 
other cargo. (Nair U & Klionsky D.J, 2005) 
 
Further insights into this process of autophagy have been gained recently. 
Under the nutrient-starvation condition, the starvation signals are sensed and 
transmitted to the autophagosome-generating apparatus known as the pre-auto- 
phagosomal structure (PAS). Then, an isolation membrane (IM) from PAS is generated 
and expanded. After that, the leading edges of IM are fused and autophagosome (or 
Cvt vesicle) forms. Once formed, the outer membrane of the autophagosome (or Cvt 
vesicle) immediately fuses with the vacuolar membrane, delivering the inner 
membrane structure (the autophagic body or Cvt body) to the vacuolar lumen. 
Subsequently, autophagic body or Cvt body is disintegrated probably by lipase and the 
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contents are degraded by vacuolar proteases. Thus, the resulting amino acids and lipids 
are released into the vacuole lumen for recycling (Suzuki K & Ohsumi Y, 2007). 
Though the knowledge of autophagy in yeast has increased dramatically in the past 
decade, dissection of the precise materials make up these structures has, however, been 
problematic, owing to methodological constraints. 
ERG7 encodes lanosterol synthase, which catalyzes the cyclization of 
squalene 2, 3-epoxide, a step in the biosynthesis of ergosterol. In a previous study, 
Erg7p was identified as a component of yeast lipid droplet (Milla P, et al., 2002). In 
this study, ERG7-GFP was constructed and used as a lipid particle marker to witness 
the autophagy induced by nitrogen deprivation. The result provided an insight into the 
linkage between lipid particle and vacuole under the autophagic condition. Lipid 
droplets are essentially intracellular lipoprotein particles. Moreover, lipid paticle 
possesses a variety of physical functions related to lipid metabolism, lipid storage, 
lipid biosynthesis, metabolic conversion and lipid trafficking. The result showed that 
Erg7 as well as Erg7-GFP was specifically enclosed in the vesicles to form the 
autophagosomes and transported to the vacuole, where it was degraded. Through the 
cell viability assay, significant lower viability was observed in the ncr1Δ strain after 24 
hours nitrogen starvation when compared with wild type strain; however the difference 
disappeared after starvation for 48 hours.   
 
3.2  Acute glucose starvation caused sterol accumulation in ncr1 
null cells when sterol esterification is impaired 
3.2.1 Highly purified vacuole isolated from yeast S.cerevisiae 
To identify the potential destination of sterol when sterol esterification was 
inhibited, vacuolar ergosterol was quantitated upon glucose starvation for 30 min. 
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Firstly, vacuole was isolated from the budding yeast according to the protocol 
established by Daum G et al. (1982). Due to the high affinity between vacuole and 
lipid droplets, we need to check the purity of the isolated vacuole. Thus, total protein 
was extracted and quantitated by standard Bradford assay. Then, equivalent amount of 
protein from the vacuoles and the crude lysate were subjected to SDS-PAGE and 
westernblot analysis, and probed with the vacuole membrane marker (anti-Vph1p). 
The result showed that the vacuoles were highly purified compared with the crude 
lysate (Figure 3-2). Furthermore, nile red (Sigma) staining, a specific and efficient vital 
dye for intracellular lipid droplets, was performed to examine the contamination of 
isolated vacuoles. The observation also confirmed the high purity of the vacuoles (data 
not shown).   
 
Figure 3-2. Highly purified vacuoles isolated from yeast strains. WT and NCR1 
deletion strains were grown in YPD medium and harvested. Isolation of vacuole and 
protein extraction was described in the materials and methods. Equivalent amount of 
protein from the highly purified vacuoles and crude lysate were subjected to 
SDS-PAGE and immunoblot analysis with vacuole membrane marker (Anti-Vph1, 100 
KD subunit, Molecular Probes, Invitrogen, USA ). 
 
3.2.2   Elevation of vacuolar ergosterol in are2Δncr1Δ and are1Δare2Δncr1Δ 
strains upon acute glucose starvation 
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Figure 3-3. Analysis of vacuolar sterol level upon acute glucose starvation. Cell 
were precultured in YPD to reach mid-log phase, then washed and shifted to YP for 30 
min. Isolation of vacuole and sterol determination were described as in materials and 
methods. (A) Comparison between W303 and ncr1Δ strains; (B) Comparison between 
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are2Δ and are2Δncr1Δ strains. (C) Comparison between are1Δ are2Δ and 
are1Δare2Δncr1Δ strains. Values shown are means of triplicate assays with the 
corresponding s.e.m. obtained from a representative experiment. 
 
   To monitor the sterol status in vacuole after acute glucose starvation, the total 
free ergosterol in vacuoles was quantitated from ncr1 mutant strains. Yeast cells were 
grown to mid-log phase in YPD and shifted to YP without glucose for 30 min. Yeast 
vacuoles were isolated, and lipids were extracted and separated by thin layer chromate- 
graphy (TLC). Free ergosterol was quantitated by densitometric scanning at 275 nm. 
After glucose deprivation, there was no difference between wild type (W303) and ncr1 
deletion strains (Figure 3-3.A). In contrast, a significant increase (~21%) was observed 
in are2ncr1 double deletion strain in comparison with are2 single deletion strain 
(Figure 3-3.B). Similarly, significant increase of the vacuolar ergosterol was also 
detected in the are1are2ncr1 triple deletion strains compared with are1are2 strain 
(Figure 3-3.C). Ergosterol esterification in S. cerevisiae is catalyzed by two iso- 
enzymes, namely Are1p and Are2p. Are2 is the major ACAT isoform in yeast. The 
data suggest that upon glucose starvation, sterols do reach the vacuole if they are not 
efficiently esterified. When ncr1 is also deleted, sterols will be trapped in the vacuole.  
3.3  Accumulation of vacuolar sterols in are2Δncr1Δ and are1Δ- 
are2Δncr1Δstrains upon overexpression of Erg6p  
 
3.3.1 Characterization of ERG6 overexpression 
    To confirm the results achieved under the acute glucose starvation, we found 
a different way to enrich the vacuole with sterols. We next constructed yeast strains 
that endogenously overexpressed ERG6 as an alternative approach to manipulate sterol 
levels in vivo, and then we examined the ergosterol content in isolated vacuoles with 
partial or full block of the sterol esterification. To do this, the ERG6 gene was 
introduced inframe at the 3’end of galactose-regulated GAL10 promoter and FLAG 
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epitope. Expression of pESC-Trp-ERG6 was examined at indicated time point after 
inoculating 10ml of SC-Trp media with 2% galactose. Strains with pESC-Trp were 
included as negative controls. Using galactose as the sole carbon source resulted in a 
large increase in Erg6p level compared with the negative control, suggesting 
significant increases in Erg6p production upon induction (Figure 3-4). This condition 
was subsequently used to grow cells for the overespression of Erg6p and production of 
vacuole in the following assays. 
 
Figure 3-4. Characterization of ERG6 overexpression in yeast. The ERG6 gene was 
introduced inframe at the 3’end of galactose-regulated GAL10 promoter and FLAG 
epitope. Expression of pESC-Trp-ERG6 was examined at indicated time point after 
inoculating 10ml of SC-Trp media with 2% galactose. Strain only with pESC-Trp was 
included as a negative control. Total protein was extracted and equivalent amount of 
protein was processed for SDS-PAGE and immunoblot analysis with anti-FLAG and 
anti-PGK as a load control. 
 
3.3.2   Overexpression of Erg6p elevates sterol level on vacuole membranes in 
yeast 
    We next tested whether elevated ERG6 expression will change the vacuolar 
sterol environment. Vacuole isolation and sterol determination were carried out as 
depicted in the materials and methods. Regarding the induction time, different time 
points were tested and induction for 2 hours resulted in the maximal vacuolar 
ergosterol level in ERG6-W303 strain. The ERG6 overexpressed WT strain (ERG6- 
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Figure 3-5. Quantification of ergosterol due to ERG6 overexpression. Cells were 
precultured in SC-Trp media overnight at an OD600 of 1, washed and transferred into 
SC-Trp with 2% galactose for induction for 2 hours. Vacuoles were isolated, vacuolar 
protein concentration was determined, and sterol level was analyzed. (A) Measurement 
of vacuolar free ergosterol in pESC-Trp-W303 and ERG6-W303 strains induced with 
galactose; (B) Measurement of total free ergosterol in pESC-Trp-W303 and 
ERG6-W303 strains under the same condition. Values are indicated as means of 




W303), showed an ~1.4-fold increase of vacuolar sterol level as compared with the 
negative control strain pESC-Trp-W303, based on equivalent vacuolar protein (Figure 
3-5.A). This result was consistent with the report from Gary Eitzen’s group. They 
showed that overexpression of ERG6 will lead to increased vacuolar sterols, which will 
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in turn lead to enhanced vacuolar membrane fusion (Tedrick K, et al., 2004). It should 
be noted that ~1.4-fold enrichment in vacuole sterols level is a significant increase 
because ergosterol is not a major component of the vacuole membrane nor other 
intracellular organelles (Zinser E, et al., 1991; 1993). Similar results were obtained 
from other mutant strains in this assay (data not shown). However, the total free 
ergostreol level did not show significant elevation with ERG6 induction (Figure 3-5. 
B). 
 
3.3.3   Free sterols accumulate in vacuoles of are2Δncr1Δ and are1Δare2Δncr1Δ 
strains with ERG6 overexpression 
To further define the effect of Ncr1p on the transport of sterol, vacuolar 
ergosterol was examined in the NCR1 mutant strains upon ERG6 overexpression. 
Significant enhancement of ergosterol was observed in Erg6p overexpressed NCR1 
mutant strains induced with galactose-containing media compared with their respective 
parental strains. Especially, the accumulation of vacuolar ergosterol was more 
remarkable in ERG6-are2Δncr1Δ and ERG6-are1Δare2Δncr1Δ strains, when the sterol 
esterfication was inhibited. To summarize, the ERG6-are1Δare2Δncr1Δ strain 
exhibited greater percentage (32.7%) of increase of vacuolar ergosterol than the 
control strain ERG6-are1Δare2Δ, while the percentages of increase in 
ERG6-are2Δncr1Δ and ERG6-ncr1Δ strains were 23.6% and 17.5%, as compared with 
ERG6-are2Δ and ERG6-W303, respectively (Fig 3-6). As a control, the total 
ergosterol content was unchanged between these pairs of strains (Fig 3-7). This result 
gains additional evidence for supporting the role of Ncr1p in mediating the exit of 
sterol from vacuole under certain conditions. Lastly, we did not see any significant 
difference in sphingolipids in these strains (Figure3-8). 
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Figure 3-6.  Accumulation of sterols in NCR1 mutant strains with ERG6  
overexpression. Cells were grown to mid-log phase on glucose and then shifted to 
galactose for 2 hours. Vacuoles were isolated and ergosterol quantitated. The vacuolar 
ergosterol levels were shown for comparison. (A) Vacuolar ergosterol level was 
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compared between ERG6-W303 and ERG6-ncr1Δ strains; (B) Comparison between 
ERG6-are2Δ and ERG6-are2Δncr1Δ strains; (C) Comparison between 
ERG6-are1Δare2Δ and ERG6-are1Δare2Δncr1Δ strains. Data are presented as means 






































































Figure 3-7. Quantification of total sterols due to ERG6 overexpression. Free 
ergosterol was extracted and quantitated. (A) Measurement of total free ergosterol 
from ERG6-are2Δ and ERG6-are2Δncr1Δ strains; (B) Measurement of total free 
ergosterol from ERG6-are1Δare2Δ and ERG6-are1Δare2Δncr1Δ strains. Data are 
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Figure 3-8. Quantification of sphingolipids. Vacuolar lipids were extracted from the 
yeast S.cerevisiae using a standard chloroform-methanol protocol and the extracts were 
subjected to alkaline hydrolysis and analyzed by negative ion ESI-MS to obtain 
sphingolipid profiles. C19-ceramide and C12-sphingomyelin were used as internal 
standards. Representative sphingolipid profiles from vacuoles of ERG6-are2Δ and 
ERG6-are2Δncr1Δ (A), as well as ERG6-are1Δare2Δ and ERG6-are1Δare2Δncr1Δ 
(B) are shown. 
 
3.3.4 NCR1 alleviates the growth defects present in ERG6 overexpressed 
are1Δare2Δ strain  
Interestingly, we found that the ERG6-are1Δare2Δ double deletion strain 
grew slowly upon induction of ERG6 overexpression; whereas the ERG6-are1Δare2Δ 
-ncr1Δ triple deletion strain grew normally. As shown in Figure 3-9, it revealed that 
deletion of NCR1 alleviated ERG6 overexpression induced cytotoxicity when sterol 
esterification was simultaneously ablated. As a control, no difference was observed 
between these two strains without induction (2% glucose as carbon source). This result 
suggests that absence of Ncr1p appears to sequester toxic free sterols in the yeast 
vacuoles, thereby relieving sterol induced ER toxicity. 
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Figure 3-9. NCR1 rescues the growth defect in ERG6-are1Δare2Δ. Colony growth 
assays using a 10-fold dilution series of strains are shown in the ERG6-are1Δare2Δ 
and ERG6-are1Δare2Δncr1Δ strains. (A) Cells were cultured in the SC-Trp plus 
glucose as the carbon source. (B) Growth defect was shown in the are1Δare2Δ with 
ERG6 overexpression when induced with galactose; whereas the growth of ERG6- 
are1Δare2Δncr1Δ triple deletion strain remained normal upon galactose induction.  
 
3.4  NPC1/Ncr1 functions to efficiently recycle sterols upon 
starvation-triggered autophagy in budding yeast 
 
3.4.1   Nitrogen starvation triggers autophagy in the budding yeast 
Essentially, Erg7p is component of the yeast lipid droplets. Here, ERG7-GFP 
was constructed and used as a lipid particle marker. To identify whether lipid droplets 
were involved in the autophagic process, we then followed the generation of GFP from 
the Erg7-GFP fusion protein during nitrogen deprivation. Cells expressing Erg7-GFP 
were precultured in SC-Leu to mid-log phase, washed, then followed by starvation in 
nitrogen free SD (-N) medium. Aliquots were taken at the indicated time points, total 
protein was extracted and equivalent protein was subjected to SDS-PAGE and 
immunoblot analysis. As shown in Figure 3-10, the westernblot results showed that 
Erg7-GFP bands were reduced gradually. Meanwhile, generation of GFP was steadily 
increased, indicating the autophagy occurred progressively when starved in the 
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nitrogen free medium. During the autophagic pathway, Erg7 as well as Erg7-GFP was 
specifically enclosed in the vesicles to form the autophagosomes and transported to the 
vacuole, where it was degraded. Because GFP is resistant against proteolytic attack in 
the vacuole and is excluded out of the vacuole, the amount of generated GFP correlates 
with the autophagic rate. As shown in the figure, the autophagic rate was significantly 
increased after starvation for 2 hours.  
 
 
Figure 3-10.  Autophagic degradation of Erg7p upon nitrogen deprivation. Cells 
expressing Erg7-GFP were precultured in SC-Leu, then collected, washed and starved 
in nitrogen free SD(-N) medium. Aliquots were taken at the indicated times, total 
protein was extracted and equivalent protein was subjected to SDS-PAGE and 
immunoblots probed with antibodies to GFP are shown. Erg7-GFP was gradually 
enclosed in autophagosomes and targeted to the vacuole. Its vacuolar break-down 
released a proteolysis-resistant GFP, indicating autophagy occurred under nitrogen 
starvation. As a loading control the immunoblot was probed with antibodies against 
cytosolic 3-phosphoglycerate kinase (PGK). 
 
3.4.2   Growth defect is present in ncr1∆ upon nitrogen starvation 
 
Yeast vacuole primarily serving as a storage and digestive compartment, 
especially responsible for degradation of toxic substances and recycling of cellular 
molecules under stressed environment. To test whether Ncr1p was involved in the  
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Figure 3-11. Growth defects in NCR1 deletion strain upon nitrogen starvation. 
Growth curves were generated for W303 and ncr1∆ by inoculating 0.1 mL of 1 OD600 
culture into 50 ml of fresh YPD media. Cells were refreshed to mid-log phase, 
collected and washed, then shifted into SD(-N) medium. At each indicated time point, 
1mL of culture was taken for cell viability assay as described in materials and methods. 
Growth defect was detected after 24 hours for nitrogen starvation. Data are indicated as 




recycling and reutilization of sterol in yeast with nutrition starvation, cell viability 
assay was performed between WT (W303) and ncr1∆. Cells were precultured in YPD 
medium to reach mid-log phase, then washed and transferred to SD(-N) medium. At 
each indicated time point, 1mL of culture was taken for cell viability assay. Initially, 
there was no visible difference in the growth between W303 and ncr1∆, however, 
significant lower viability was shown in the ncr1Δ strain after 24 hours nitrogen 
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starvation (Figure 3-11). The result implied when ncr1 was deleted, it possibly affected 
the ergosterol trafficking from the vacuole for recycling or further reutilization in other 
subcellular organelles, which then induced the growth defect in ncr1Δ strain. However, 
the difference disappeared after starvation for 48 hours. 
 
3.5  Summary and Discussion 
 
In this chapter, three conditions are introduced to identify the role of Ncr1p in 
sterol trafficking in the budding yeast S.cerevisiae. The first condition is acute glucose 
starvation, which triggers 4-5 fold increase in the rate of oleate incorporation into 
sterol esters in WT strain (unpublished data). The increase in sterol esterification 
suggests that sterols of yet to be identified sources are moving back to the ER upon 
glucose withdrawal. The induction of sterol esterification by glucose starvation is most 
likely due to the reorganization of subcellular sterol distribution but not due to an 
increase in endogenous sterol biosynthesis, since it has been demonstrated previously 
that key sterol biosynthetic enzymes are rapidly degraded upon nutrient starvation 
(Ohgami N, et al., 2004). To determine the role of Ncr1p in this form of sterol 
transport, ncr1Δ (SZY001) cells were subjected to acute glucose starvation. 
Disappointingly, there was no significant difference in the rate of oleate incorporation 
between WT and ncr1Δ strains under this experimental conditions. Meanwhile, there 
was little change in oleate incorporation into triglycerides (TAG). 
Subsequently, we tried to figure out the phenotype of ncr1Δ when there was a 
sharp increase in the level of intracellular sterol if sterol esterification was blocked. 
There are two sterol esterification enzymes in yeast, Are1p and Are2p, and both of 
them have been shown to localize to the ER (Yang H, et al., 1996; Zweytick D, et al., 
2000). Then, sterol esterification in are1Δ (SCY060), are1Δncr1Δ (SZY002); are2Δ 
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(SCY061) and are2Δncr1Δ (SZY003) strains were examined upon acute glucose 
starvation. When shifting growth medium from YPD to YP for 30 min, a 4-5 fold 
increase in the rate of oleate incorporation was induced in are1Δ and are2Δ cells, as 
observed in the wild type cells. Furthermore, there was little difference in sterol 
esterification between are1Δ and are1Δncr1Δ cells, whereas a nearly forty percent 
decrease was observed in are2Δncr1Δ strain (ARE1 remains on ER) compared with the 
are2Δ strain. As a control, oleate incorporated into TAG at similar rates among all 
strains, suggesting there is no defect in fatty acid transport to the ER. Also the kinetic 
analysis of oleate incorporation after glucose withdrawal, suggests that there is a delay, 
but not a complete block in sterol movement to the ER in the are2Δncr1Δ strain. 
Furthermore, the possibility was excluded that deletion of NCR1 directly affected the 
intrinsic enzymatic activity of Are1p, based on the sterol esterification measured in 
vitro. This part of studies was accomplished in our lab previously (unpublished data). 
These results suggest that, among other possibilities, Ncr1p delivers sterol to the sites 
of Are1p for esterification.       
Although it has been shown that the two enzymes may have different 
substrates preferences and that they may serve different roles depending on the 
availability of oxygen (Zweytick D, et al., 2000; Valachovic M, et al., 2001), other 
possibilities exist. For instance, the two enzymes may localize to different domains of 
yeast ER, which makes functional contacts with other organelles (Voeltz G.K, et al., 
2002; Levine T, 2004). It has been suggested that non-vesicular transport of lipids may 
occur in ER contact sites (Levine T, 2004) and more interestingly, it has also been 
shown recently that sterol esterification is required for sterol uptake and possibly, 
transport (Li Y & Prinz W.A, 2004). In addition, recent data also indicate that human 
ACAT1 may exist in different ER domains and that separable cholesterol transport 
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pathways to the ER may exist to regulate ACAT (acyl coenzyme A cholesterol acyl 
transferase) activity and SREBP processing (Khelef N, et al., 1998; Du X, et al., 2004). 
Based on these findings, we hypothesize that Are1p and Are2p may localize to 
different ER contact sites to facilitate the transport of sterols between membranes. 
These results also suggest that Ncr1p may preferentially regulate the delivery of sterol 
to Are1p for esterification.       
To continue the previous work, we tried to ascertain the possible role of Ncr1p 
in delivering sterols in these conditions. Previous study in our lab has shown that 
Ncr1p is a vacuolar membrane protein and localized to the limiting membrane of the 
yeast vacuole (Zhang S, et al., 2004). Based on the current data, we hypothesized that 
Ncr1p could function as a transporter to facilitate exchange of small molecules, such as 
sterols, across the limiting membrane of the vacuole and that this role is only needed 
under some stressed environments, instead of standard laboratory conditions. In our 
posed scenario, Are1p and Are2p may localize to different subdomains of ER, namely, 
Are2p may preferentially localize to ER-plasma membrane contact sites whereas 
Are1p to ER-vacuole contact sites. In this study, we examined the total free ergosterol 
of vacuoles upon glucose withdrawal. As noted, ergosterol was significantly elevated 
(~21%) in are2ncr1 double deletion strain compared with are2 single deletion strain 
upon glucose starvation (Figure 3-3.B). The data indicated that in the absence of Are2p, 
a partial block of sterol transport (~21%) arising from NCR1 deletion maybe result in 
the block of a substantial pool of sterol through Ncr1 pathway to ER, perhaps trapped 
in the vacuole. Furthermore, the data also shown vacuolar ergosterol was remarkably 
enhanced in the are1are2ncr1 triple deletion strains under same condition (Figure 
3-3.C). Therefore, when are1are2 are both deleted, i.e. sterol esterification is ablated, 
the excess ergosterol have to be transported to PM rapidly to maintain the homeostasis. 
  73 
Chapter 3                       Roles of Ncr1p in Subcellualr Sterol Trafficking 
 
Excess free ergosterol is toxic to the cells, and then some of the ergosterol enters the 
vacuole for degradation or recycling. If NCR1 is also deleted, the ergosterol might be 
accumulated in the vacuole under such stressed condition.   
The second condition is to enrich vacuoles with sterols via ERG6 over- 
expression in S.cerevisiae. Serveing primarily as a digestive compartment, the yeast 
vacuole stores and recycles small molecules, especially under certain environmental 
stresses (Thumm M, 2000). Erg6p is a component of the ergosterol synthesis pathway, 
80% of total cellular Erg6p localizes to lipid particles. Subsequently, we overexpressed 
Erg6p under a Gal promoter in all the ncr1 mutant strains and their each parental strain. 
Then, a ~1.4-fold increase of vacuolar sterol level was observed in ERG6 over- 
expressed strain WT (ERG6-W303), compared with the negative control strain 
pESC-Trp-W303 (Figure 3-5.A). The result is consistent with previous report (Tedrick 
K, et al., 2004). When sterol esterification was partially blocked, sterol level in 
vacuole was elevated significantly in are2ncr1 double deletion strain (Figure 3-6.B), 
and also in are1are2ncr1 triple deletion strain over ERG6 overexpression. Especially, 
there is a ~30% increase of vacuolar sterol in are1∆are2∆ncr1∆ compared with 
are1∆are2∆ strain (Figure 3-6.C). Interestingly, we found that the double deletion 
strain grew slowly upon induction of ERG6 overexpression; whereas the triple deletion 
strain grew normally (Figure 3-9.B). It appears that absence of Ncr1p sequester toxic 
free sterols in yeast vacuoles, thereby relieving sterol induced ER toxicity. In contrast, 
in are1are2 double deletion strain, the excess free sterol might be transported from 
vacuole to ER, which is possibly mediated by Ncr1p, inducing cell toxicity due to ER 
stress. 
The third condition is starvation-triggered autophagy, a more natural and more 
physical way to examine the role of Ncr1p in sterol trafficking in the budding yeast 
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S.cerevisiae. In yeasts, autophagy is primarily a starvation response allowing basic 
building blocks to be regenerated from degraded cytoplasm or organelles. Lipid 
droplets are essentially intracellular lipoprotein particles. In this study, ERG7-GFP 
was constructed and used as a lipid particle marker to monitor the autophagy process 
induced with nitrogen deprivation. The result revealed that Erg7-GFP was gradually 
enclosed in autophagosomes and targeted to the vacuole (Figure 3-10). Its vacuolar 
break-down releases a proteolysis-resistant GFP, indicating autophagy occurred under 
nitrogen starvation. Here, lipid droplets might be as a resource to replenish sterols into 
vacuole or entirely digested by vacuole to adapt with the nutrition starvation triggered 
condition. In addition, vacuole is involved in degradation or recycling for small 
molecules. With these ideas in mind, we propose that the budding yeast needs 
NPC1/Ncr1 to efficiently recycle sterols upon starvation-triggered autophagy, during 
which lipid droplets and membranes are ingested by the yeast vacuole. 
Subsequently, we provided additional evidence supporting our hypothesis 
through the cell viability assay. In this assay, WT and ncr1 deletion strains subjected to 
nitrogen starvation, the result revealed significant growth defect in ncr1∆ strain after 
starved for certain time (Figure 3-11). It is supposed that Ncr1p might mediate the exit 
of sterol from vacuole to be recycled and reutilized under such stressed condition. 
Under the starvation state, sterols from lipid particles and/or other membranes will 
surge into the vacuole for degradation and recycling. When ncr1 is deleted, it will 
affect sterol trafficking from the vacuole to other subcellular organelles for further 
reutilization, which induces the growth defect in ncr1Δ strain. 
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Figure 3-12.  The schematic model for intracellular sterol transport in yeast  
S.cerevisiae. N, nucleus; ER, endoplasmic reticulum; V, vacuole; G, Golgi; SV, 
secretion vesicles ; M, mitochondria; LD, lipid droplets.  The arrow indicates of the 
possible sterol transport pathway in yeast. 
 
Taken together, we propose a model (Figure 3-12) on sterol transport between 
subcellular membranes in yeast to explain our results. In this model, Are1p and Are2p 
may localize to different subdomains of ER: Are2p may preferentially localize to 
ER-plasma membrane contact sites whereas Are1p to ER-vacuole contact sites. If 
Ncr1p is present, which mediate the sterol exiting from vacuole to ER for esterification 
perhaps mainly through the Ncr1p-Are1p pathway. If ncr1 is deleted, the ergosteol 
transport from vacuole to ER is blocked. So the flow of sterols from PM to vacuole 
decreases, and the excess sterols retrograde to ER for esterification. When are2 is also 
deleted, part of the sterols could not be esterified; when are1are2 are double deleted, 
most of the streols could not be converted to sterol esters. To maintain the homeostasis, 
the excess free sterols have to be transported to PM rapidly. Then some of the sterols 
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enter the vacuole for degradation or recycling. Especially under the starvation 
triggered conditions, lipid droplets and/or other membranes might be digested into the 
vacuole for degradation and recycling. 
In summary, this study provides the first and initial insights into the role of 
Ncr1p in sterol transport in yeast. The results described here also lend support to an 
interesting hypothesis regarding the ER localization of yeast sterol esterification 
enzymes and the specific functional linkage between Are1p and Ncr1p. Most 
importantly, our results strongly suggest that the primordial function of the NPC1 
protein family is to regulate the endocytic movement of sterols across the limiting 
membrane of vacuole and this role is perhaps needed under certain stressed conditions. 
Recent evidence also points to a direct role of NPC1 in sterol transport. The SSD 
domains of NPC1 and SCAP have been shown to be able to bind cholesterol directly 
(Radhakrishnan A, et al., 2004). Therefore, the next challenge is to identify other 
protein components of the Ncr1p-Are1p pathway and to understand in molecular 
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Chapter 4 
Localization and Functional Study of Ncr2p in Budding Yeast 
4.1  Introduction      
The culprits of Niemann–Pick C (NP-C) disease include mutations of NPC1 
and NPC2. About 5% of the NP-C cases are caused by a deficiency in NPC2, a 
ubiquitously expressed lysosomal protein identified previously as a cholesterol-binding 
protein. With the powerful genetic tool, the budding yeast S.cerevisiae is also valuable 
for studying the Ncr2p (for NPC2 related gene 2), the homologue of Npc2p in yeast. In 
previous study, the yeast homologue of hNPC2 has been identified and termed Npc2p 
(scNpc2p) (Berger A.C, et al., 2005). Through phylogenetic and homology modeling 
studies, it is suggested that NPC2 protein is conserved from yeast to mammals. Data 
shows that both hNPC2 and scNpc2p distribute and colocalize with Golgi and 
lysosomal organelles indistinguishably in either mouse or human fibroblasts. Moreover, 
this result was confirmed by biochemical fractionation. The subcellular localization of 
scNpc2p was assessed by creating the C-terminal GFP fusion protein, indicating 
scNpc2p-GFP is localized to the lumen of the vacuole in wild-type cells. Also, 
immunoblot analysis shows that both scNpc2p-GFP and hNPC2-GFP are detectable in 
the culture media, suggesting scNpc2p can be secreted into the media (Berger A.C, et 
al., 2005). 
It has been reported that the NPC2 protein, containing an MD-2-related lipid-
recognition (ML) domain, is predicted to mediate direct binding to lipids (Inohara N & 
Nunez G, 2002). Other ML domain-containing proteins, such as the human, mouse, 
and porcine NPC2 orthologues, have been demonstrated to bind directly to lipid 
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ligands, specifically cholesterol or cholesterol analogs (Friedland N, et al., 2003; Ko 
D.C, et al., 2003; Okamura N, et al., 1999). Also, the crystal structure of bovine NPC2 
(bNPC2) has been revealed consistent with a model wherein cholesterol binds within a 
loosely packed hydrophobic protein core (Friedland N, et al., 2003). Most importantly, 
it has been proved that yeast Npc2p can functionally replace human NPC2 by reverting 
unesterified cholesterol and the ganglioside GM1 accumulated in hNPC2– /– patient 
fibroblasts. The in vivo analyses provide further evidence to support the role of 
scNpc2p is a functional homologue of hNPC2, which can facilitate intracellular lipid 
trafficking. These findings demonstrate yeast Npc2p is homologous to mammalian 
NPC2, not only in sequence and structure but also in function (Berger A.C, et al., 
2005). Taken together, these studies suggest that NPC2 plays a direct role in sterol 
transport (Liou H.L, et al., 2006). However, despite structural analysis and binding 
studies of NPC2 mutants, the precise function of NPC2 protein has not yet been fully 
elucidated (Friedland N, et al., 2003; Ko D.C, et al., 2003).  
 Due to the clinically indistinguishable manifestations in NPC1 and NPC2 
patients, as well as the biochemically identical phenotypes between npc1 and npc2 
cultured fibroblasts (Paterson M.C, et al., 2001), it has been proposed that NPC1 and 
NPC2 act sequentially in a common pathway. In addition, it has been proved that the 
NPC2 protein binds unesterified cholesterol with high affinity (Friedland N, et al., 
2003; Ko D.C, et al., 2003; Cheruku S.R, et al., 2006). As such, we speculate the 
function of Ncr2p in yeast is to modulate cellular sterol trafficking by binding sterols 
from internal lysosomal membranes, and positively regulating a physical interaction 
with Ncr1p or another protein, then catalytically transferring the sterols out of the 
vacuole, under some stressed conditions. In this chapter, we found that Ncr2p 
predominantly resided in the lumen of vacuole in the budding yeast. However, using 
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the well-established assays, we failed to provide convincing data to support the 
functional interaction between Ncr2p and Ncr1p in the common pathways to regulate 
the subcellular sterol trafficking in yeast. 
4.2  Result 
4.2.1 Ncr2p is predominantly located in the lumen of vacuoles in yeast 
To examine whether the yeast and mammalian NPC2 proteins reside in 
functionally related compartments, we examined the subcellular localization of Ncr2p 
in yeast cells. To gain insights into the intracellular localization of Ncr2p, an NCR2-
GFP fusion protein was expressed from its endogenous promoter in the wild type strain, 
and assessed by immunoblot analysis generated from differential centrifugation. First, 
the yeast cell lysates were subjected to a low centrifugal force (e.g., 500 × g) to pellet 
any unlysed cells and large aggregates, yielding whole cell extract (WCE). The WCE 
was then subjected to sequential centrifugation steps to generate a 13,000 × g pellet 
(P13), a 100,000 × g pellet (P100), and a 100,000 × g supernatant (S100). The 
immunoblot analysis showed that the Ncr2p-GFP fusion protein migrated at 
approximately 50kDa and principally deposited in the P13 fraction, as well as partly in 
P100 fraction (Figure 4-1.A). The P13 fraction primarily contains larger organelles and 
membranes (e.g., plasma membrane, vacuole, endoplasmic reticulum, mitochondria, 
nuclei, peroxisomes), while the P100 fraction contains smaller compartments (e.g., 
Golgi, transport vesicles, endosomal membranes).  
To get further insight of the localization of Ncr2p in yeast, Ncr2-GFP was 
then examined through fluorescence microscope. The microscopy image indicates that 
Ncr2p-GFP is predominantly localized to the lumen of vacuole in WT strain (Figure 4-
1.B). These results are consistent with the previous reports (Huh W.K, et al., 2003; 
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Berger A.C, et al., 2005). Therefore, our data confirmed that Ncr2p mainly located in 
the vacuole of yeast S. cerevisiae at steady state. 
     
                               
Figure 4-1. Localization of NCR2-GFP in wild-type cells. (A) Differential 
centrifugation fractionation analysis of yeast proteins. WT (BY4741) strain expressing 
NCR2-GFP was spheroplasted and subjected to differential centrifugation as described 
in Materials and methods. The Whole cell extract (WCE), low-speed pellet (P13), 
high-speed pellet (P100) and soluble (S100) fractions were analyzed by immunoblot 
using anti-GFP. (B) Localization of Ncr2p-GFP in yeast. A GFP-tagged, full length 
Ncr2p was expressed from its native promoter in log-phase wild-type yeast cells. GFP 
fusion protein was visualized directly by fluorescence microscopy. A corresponding 




4.2.2 Stimulation of sterol esterification in ncr2Δ strain upon glucose starvation 
Like yeast cells lacking the Ncr1p, NPC2 is also not essential for yeast viability 
and growth, and ncr2Δ strain shows no readily discernible phenotype when grown in 
the laboratory conditions (Berger A.C, et al., 2005). To explore the potential functions 
of Ncr2p, previously established conditions were applied to characterize the roles of 
Ncr2p in sterol trafficking in the budding yeast S.cerevisiae. Firstly, WT (W303) and 
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ncr2Δ cells subjected to acute glucose starvation, i.e. changing growth medium from 
YPD to YP, induced a 4-5 fold increase in the rate of oleate incorporation into sterol 



































































Figure 4-2. Stimulation of sterol esterification in WT(W303) and ncr2Δ cells upon 
acute glucose starvation. WT and ncr2Δ cells were precultured to mid-log phase in 
YPD, washed and then shifted in YP containing [3H] oleate for 30 minutes. The rate of 
oleate incorporation into sterol esters (SE) (A) and triglycerides (TAG) (B) was 
measured as described in materials and methods. Values shown are means of triplicate 
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was detected between the wild type and ncr2Δ. Similarly, little change was observed in 
oleate incorporation into triglycerides (TAG) under this condition. This result is 
largely in accordance with the previous study (Bailey R.B & Parks L.W, 1975).  
4.2.3 NCR2 partially inhibits the esterification rate in are2 Δncr2Δ strain upon 

































































Figure 4-3. Effect of NCR2 deletion on esterification activity in are2Δ strain. In 
vivo oleate incorporation into SE (A) and TAG (B) was measured in the strains of 
are2Δ, are2Δncr2Δ, and are2Δncr1Δncr2Δ. The experimental procedure was exactly 
the same as described in Figure 4-2. Values shown are means of triplicate assays with 
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To rule out the possibility whether Ncr2p functions in the same pathway with 
Ncr1p, we examined sterol esterification in are2Δ, are2Δncr2Δ, and are2Δncr1Δ 
ncr2Δ strains upon acute glucose starvation. Cells were grown to mid-log phase in 
YPD, washed and resuspended in YP containing [3H] oleate for 30 minutes. As in the 
wild type cells, acute glucose starvation induced a 4-5 fold increase in the rate of 
oleate incorporation in are2Δ cells. As shown in Figure 4-3, a nearly forty percent 
decrease of oleate incorporation rate into SE was observed in are2Δncr2Δ and 
are2Δncr1Δncr2Δ strains as compared with the are2Δ strain. Surprisingly, about 25%  
decrease of oleate incorporation rate into TAG was also shown in both strains as 
compared with the are2Δ strain. Discrepancy was found between are2Δncr1Δ and 
are2Δncr2Δ strains regarding the oleate incorporation into TAG, both compared with 
the are2Δ strain under same condition. These findings suggested that Ncr2p might act 
in the same way as Ncr1p to deliver sterol to the sites of Are1p for esterification; or 
might interact with another protein on vacuole membrane to deliver fatty acids to ER 
for esterification; or other possibilities exist under the glucose starvation condition. 
 
4.2.4   Sterol or fatty acid movement to the ER is delayed in are2Δncr2Δ strain 
upon glucose withdrawal 
 
To obtain kinetic features of oleate incorporation after glucose withdrawal, 
time course experiments were performed. After shifting to YP, different strains were 
pulsed with [3H] oleate for 30 min at 0 min, 60 min and 120 min time points. The rate 
of sterol esterification was highest after 30 min in YP (labeled at 0min). The most 
significant changes were a large increase in sterol esterification between are2Δ and 
are2Δncr2Δ when labeled at 0 min (Figure 4-4.A), but decreased at later time points. 
Same trend was also observed, however, lesser but significant decrease of oleate 
incorporation into TAG when labelled at 0 min (Figure 4-4.B). These data suggest that 
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there is a delay, but not a complete block in sterol or maybe fatty acid movement to the 
ER in the are2Δncr2Δ strain. 
 










































































Figure 4-4. Kinetic analysis of sterol esterification activity upon glucose starvation. 
In vivo oleate incorporation into SE and TAG was measured in are2Δ and are2Δncr2Δ 
strains. [3H] oleate was added at 0min, 60min and 120min after shifting media to YP 
and pulsed for 30 minutes. Lipids were extracted and analyzed as described in 
materials and methods. Values shown are means of triplicate assays with the 
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4.2.5 No discernable change of vacuolar ergosterol level is observed in ncr2Δ 
strain upon glucose starvation 
It is noted that Ncr2p is localized to the lumen of vacuole and Ncr1p to the 
limiting membrane of vacuole. To further define whether Ncr2p cooperates with Ncr1p 
to deliver the sterols out of vacuole to ER via the Ncr1p-Are1p pathway, vacuolar 
ergosterol was assessed in the ncr2 deletion strains, when sterol esterifictaion was 
ablated. Cells were grown in YPD to mid-log phase, and then inoculated into YP 
medium for 30 minutes. Then vacuoles were isolated and ergosterol was extracted for 
quantification. Unexpectedly, no visible change was detectable in all the ncr2 mutant 
strains (Figure 4-5). This observation was consistent in three separate experiments. We 
next performed additional sucrose density gradient fractionation to examine the 
ergosterol distribution in different subcellular components between the are1Δare2Δ 
and are1Δare2Δncr2Δ under the same condition with glucose deprivation. No 
significant difference was found in the vacuole compartment between these two strains 
(Figure 4-6). This result is thus consistent with the observation in the vacuolar 
ergosterol assay between are1Δare2Δ and are1Δare2Δncr2Δ (Figure 4-7). All these 
findings suggest that the vacuolar ergosterol content may not be significantly altered in 
the ncr2Δ cells with partial or most of the steol esterification is blocked when glucose 




















































































































                      
Figure 4-5. Quantification of vacuolar sterols upon glucose starvation. Isogenic 
yeast strains were grown to mid-log phase in YPD, washed and transferred to YP for 
30min. Cells were lysed and vacuoles purified. Lipids were extracted and separated by 
TLC, then free ergosterol was quantified by direct densitometry scanning at 275nm 
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using a CAMAG TLC Scanner 3. Vacuolar ergosterol levels were compared between: 
WT (W303) and ncr2Δ(A); are2Δ, are2Δncr2Δ and are2Δncr1Δncr2Δ(B);  as well as 
are1Δare2Δ and are1Δare2Δncr2Δ(C). Values shown are means of triplicate assays 
































Figure 4-6. Analysis of sterol distribution using sucrose density gradient 
fractionation upon acute glucose starvation. Procedure details were described in 
materials and methods. Briefly, cells were incubated in YPD, washed and shifted into 
YP medium for 30 min. Then, are1Δare2Δ and are1Δare2Δncr2Δ strains were lysed 
in STED buffer using glass beads and the supernatant was loaded on the top of a 
continuous sucrose gradient (10–53%) and centrifuged at 100 000×g for 15 hr. 
Fractions were collected from the top, and equivalent volume of each fractions were 
subjected to ergostrol quantification, which was normalized to the respective protein 
content. The amount of ergosterol content in each fraction was plotted. Values shown 




4.2.6 Accumulation of ergosterol in ERG6 overexpressed ncr2Δ cells  
To further define the role of Ncr2p in the sterol trafficking in yeast, ergosterol 
level was examined in another stressed condition, i.e. overexpression of Erg6p. As 
mentioned previously, about 1.4 fold of ergosterol was elevated on vacuole membranes 
in ERG6 overexpressed wild type strain when incubated with galactose for 2 hours. 
We repeated this condition and found it reproducible. Surprisingly, significant increase  
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Figure 4-7.  Analysis of vacuolar sterols in ncr2 mutant strains with Erg6p 
overexpression. Procedure was performed as described previously. Briefly, Cells were 
precultured to mid-log phase in glucose and then shifted to galactose for 2 hours. 
Vacuoles were isolated and ergosterol quantified. Vacuolar ergosterol was analyzed in 
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the following strains: ERG6-WT(W303) and ERG6-ncr2Δ(A); ERG6-are2Δ, ERG6-
are2Δncr2Δ and ERG6-are2Δncr1Δncr2Δ(B); as well as ERG6-are1Δare2Δ and 
ERG6-are1Δare2Δncr2Δ(C). Values shown are means of triplicate assays with the 
corresponding s.e.m. obtained from a representative experiment. (* P<0.05 ) 
 
         
(~25%) of vacuolar ergosterol was detectable in ERG6-ncr2Δ strain as compared with 
ERG6-WT (W303), when induced with galactose for 2 hours. However, no visible 
change was found in ERG6-are2Δncr2Δ and ERG6-are1Δare2Δncr2Δ strains, while 
ERG6-are2Δncr1Δncr2Δ exhibited about 40% increase of vacuolar ergosterol 
compared with ERG6-are2Δ. This result suggests that Ncr2p plays a role in regulating 
sterol transporting out of the vacuole under the ERG6 overexpression condition, but its 
role might be compromised when sterol estrification is also blocked, indicating 
redundant pathway may be initiated to maintain the sterol homeostasis in yeast.  
 
4.3  Summary and discussion 
In this chapter, the localization of Ncr2p and the preliminary role of Ncr2p on 
sterol trafficking in S.cerevisiae were examined. Before the functional analysis, 
localization study was performed to identify whether the yeast and mammalian NPC2 
proteins reside in functionally related compartments, i.e. vacuole, the equivalent 
structure of lysosome in yeast. The differential centrifugation fractionation analysis 
revealed that NCR2-GFP primarily pelleted in the P13 and P100 fractions, indicating 
Ncr2p mainly resided in the vacuole membranes and endosomal membranes. This 
interpretation would not be compatible with the earlier reports, however, it also can be 
explained that the bulk content of vacuole might be centrifuged along with the 
membranes; or Ncr2p might be conjugated with certain membrane protein to form a 
complex at steady state. Thus, Ncr2p-GFP fusion protein, which is expressed from its 
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endogenous promoter, was observed with fluorescence microscope directly. As a result, 
Ncr2p-GFP was found in the lumen of vacuole in wild type cells. Thus, a similar 
localization pattern was confirmed between the Ncr2p in yeast and Npc2p in 
mammalian cells. 
Next, we proceed to the functional study of Ncr2p in S.cerevisiae. Like Ncr1p 
in yeast, Ncr2p is not essential for yeast viability, and no readily discernible phenotype 
can be found in ncr2 delete strain under laboratory growth conditions (Malathi K, et al., 
2004 & Berger A.C, et al., 2005). One intriguing possibility is that Ncr2p perhaps 
selectively transfers sterols to a transmembrane protein, such as Ncr1p, to regulate the 
sterol trafficking in yeast under some stressed conditions (Naureckiene S, et al., 2000). 
To address this possibility, three established conditions were applied to the functional 
study of Ncr2p in yeast. First, acute glucose starvation stimulates a sharp increase in 
the rate of sterol esterification upon entry into the stationary growth phase in ncr2Δ 
cells. As expected, no difference was detectable in ncr2 deletion strain compared with 
wild type strain due to glucose starvation (Figure 4-2). In the case of NCR2, a forty 
percent decrease of sterol esterification rate was observed in are2Δncr2Δ and 
are2Δncr1Δncr2Δ strains in comparison with the are2Δ strain (Figure 4-3.A). 
Unexpectedly, about 25% of decrease in oleate incorporation rate into TAG was also 
shown in both strains as compared with the are2Δ strain in the same assay (Figure 4-3. 
B). This observation seems in inconsistent with the previous report that deletion 
mutants in ARE1 and ARE2 do not reduce [3H] oleate incorporation into TAG (Yang 
H, et al., 1996 & Daum G, et al., 1998). However, in S. cerevisiae, besides the 
predominant sterol esterification ability, the ACAT-related enzymes Are1p and Are2p 
do have detectable DAG (diacylglycerol) esterification capabilities, particularly Are2p 
(Oelkers P.M & Sturley S.L, 2004; Mullner H & Daum G, 2004). Thus, in this 
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scenario, when ncr2Δ is also deleted, subcellular fatty acids might be also disturbed 
due to defect on sterol esterification. The kinetic oleate incorporation assay also 
indicates that there is a delay, but not a complete block in sterol and/or fatty acid 
movement to the ER in the are2Δncr2Δ strain (Figure 4-4). It has been reported that 
Npc2p also binds fatty acids but with lower affinity (Ko D.C, et al., 2003). Hence, on 
the basis of in vivo sterol esterification data, we speculate that Ncr2p might act in the 
same way as Ncr1p to deliver sterol to the sites of Are1p for esterification; and/or 
might be functional in other pathway in regulating fatty acids to ER for esterification; 
or other possibilities exist under the glucose starvation condition. 
 To get further insight into the possibility whether Ncr2p is functional in the 
common pathways with Ncr1p, vacuolar ergosterol level was assessed in ncr2 mutant 
strains when glucose was starved. Disappointedly, no discernible change was observed 
among all the ncr2 mutant strains. It is known that NPC1 can bind cholesterol in intact 
cells that lack the NPC2 protein (Ohgami N, et al., 2004). Thus, some researchers 
believe that NPC1 does not require NPC2 to bind cholesterol. These results suggest 
that Ncr2p might not be a partner with Ncr1p in regulating the sterols out of vacuole 
under the nutrition starvation condition.  
Next, under the second condition, when ergostrol level was elevated on 
vacuole membranes upon Erg6p overexpression, a significant increase of vacuolar 
ergosterol was shown in ERG6-ncr2Δ as compared with ERG6-W303 strain (Figure 4-
7. A). Whereas the accumulation of ergosterol in vacuoles disappeared in ERG6-
are2Δncr2Δ and ERG6-are1Δare2Δncr2Δ strains under the same condition (Figure 4-
7). Unexpectedly, significant increase (~40%) of vacuolar ergosterol was found in 
ERG6-are2Δncr1Δncr2Δ strain induced with galactose for 2 hours (Figure 4-7.B). 
Obviously, the enhancement of vacuolar ergosterol in ERG6-are2Δncr1Δncr2Δ cells 
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should be credit to deletion of ncr1. These results made the interpretation more 
complicated. Also, no difference was seen between the ERG6-are1Δare2Δ and ERG6-
are1Δare2Δncr2Δ strains in the colony forming assay with induction by galactose 
(data not shown).  
Furthermore, the lack of differential growth was evidenced by growth curve 
analyses demonstrating that npc2∆ cells grow at a rate similar to that of wild-type cells 
under the nitrogen starvation triggered autophagic condition (data not shown). 
 To sum up, under the glucose deprivation condition, Ncr2p exhibited a 
potential effect on sterol trafficking, while no clue was obtained with regard to the 
functional linkage with the Ncr1p to escort sterols out of the vacuole. Under the latter 
two conditions, the phenotype of NCR2 only emerges in the ncr2 deletion strain with 
Erg6p overexpression. This result suggests that among other possibilities, Ncr2p 
functions as a carrier that prevents unregulated intercalation of ergosterol into the 
vacuole membrane. When the sterol esterification is also ablated, alternate machineries 
might be initiated to compensate the disruption of subcellular sterol transport. It seems 
likely that several machineries operate in parallel, providing flexibility and redundancy. 
As a result, the defect of sterol trafficking is rescued and the sterol homeostasis is 
recovered so as to adapt the stressed conditions.    
In this study, preliminary study of Ncr2p was performed, however, scant 
evidence for Ncr2p in regulating sterol transport has been provided. In the future 
studies, more potential possibilities must be addressed experimentally to aid our 
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Chapter 5 
Conclusions and Future Directions  
5.1 Conclusion 
Niemann Pick Disease type C (NP-C) is an autosomal recessive, neurovisceral 
lipid storage disorder characterized by accumulation of unesterified cholesterol in the 
late endosomal/lysosome system (Ory D.S, 2000). Mutations in two independent genes 
result in the clinical and biochemical NPC phenotype (Vanier M.T, et al., 1996; 
Steinberg S.J, et al., 1994). NPC1 is responsible for 95% of the NP-C disease cases, 
while NPC2 is the minor disease locus. The NPC genes are key participants in the 
intracellular cholesterol trafficking. Although much progress has been made in the 
elucidation of sterol metabolism in recent years, there are still many unanswered 
questions. The budding yeast S.cerevisiae, due to its homology to mammalian systems, 
completely sequenced genome, and ease of genetic manipulation, provides a valuable 
tool for studying these processes. Though yeast and mammalian cells differ in some 
aspects of sterol metabolism and function, yeast genetics has proven to be an excellent 
tool for investigating basic aspects of sterol metabolism. In this study, our work 
provided the initial and preliminary insight into the roles of Ncr1p and Ncr2p in sterol 
transport in budding yeast S.cerevisiae. 
Firstly, the results described in this study lend support to an interesting 
hypothesis regarding the localization of yeast sterol esterification enzymes on ER and 
the specific functional linkage between Are1p and Ncr1p. There was no significant 
difference in sterol esterification activity between are1Δ and are1Δncr1Δ strains, 
whereas a nearly forty percent decrease was observed in are2Δncr1Δ strain as 
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compared with the are2Δ strain upon glucose withdrawal (unpublished data). Further 
insight of this linkage was observed that vacuolar ergosterol was accumulated in 
are2Δncr1Δ strain in comparison with are2Δ under both glucose starvation condition 
and ERG6 overexpressed genetic background.  
Secondly, our results strongly suggest that the primordial function of the NPC1 
protein family is to regulate the endocytic movement of sterols, since a delay in sterol 
transport was detected in the are2Δncr1Δ strain no later than 30 minutes after glucose 
withdrawal (unpublished data). Recent evidence also points to a direct role of NPC1 in 
sterol transport. The data also showed that in the absence of Are2p, a partial block of 
sterol transport arising from NCR1 deletion maybe result in the block of a substantial 
pool of sterol through Ncr1 pathway to ER, perhaps trapped in the vacuole. Moreover, 
additional evidence was obtained that vacuolar ergosterol was remarkably elevated in 
all the ncr1 deletion strains with vacuolar sterol enrichment via upregulation of ERG6. 
This finding is in line with the previous interpretation that NPC1 is essential for the 
egress of cholesterol from endosomes and lysosomes, as one putative regulator of 
intracellular sterol transport (Chang T.Y, et al., 2005; Carstea E.D, et al., 1997). 
Thirdly, our study also suggests that the budding yeast needs NPC1/Ncr1 to 
efficiently recycle sterols under some extreme conditions. This deduction is supported 
by the findings that the are1∆are2∆ strain grows remarkably slowly upon induction of 
ERG6 overexpression; whereas the ERG6 overexpressed are1∆are2∆ncr1∆ strain 
grows normally. It seems that ERG6-are1∆are2∆ncr1∆ strain sequesters excess free 
sterols in the yeast vacuole due to absence of Ncr1p, thereby relieving sterol induced 
ER toxicity. More evidence was derived from the observation that ncr1∆ strain showed 
growth defects in nitrogen starvation-triggered autophagy, during which lipid droplets 
and membranes might be ingested by the yeast vacuole. This putative role of Ncr1p is 
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in accordance with the function of vacuole, which serves primarily as a digestive 
compartment to degrade and recycle small molecules, especially under certain 
environmental stresses (Thumm M, 2000). Thus, Ncr1p may function as a cholesterol 
transporter by binding cholesterol from the membranes of the endosomal/lysosomal 
system and redistributing sterols to other subcellular organelles, such as PM, ER, or 
TGN. The dissection of the precise scheme of function of Ncr1p has, however, been 
challenging. Another issue is whether NPC1 binds cholesterol directly or forms 
complex with NPC2 to bind cholesterol. But, some evidences show that NPC1 does 
not require NPC2 to bind cholesterol, for NPC1 can bind cholesterol in intact cells that 
lack the NPC2 protein (Ohgami N, et al., 2004). In addition, the SSD domains of 
NPC1 and SCAP have been shown to be able to bind cholesterol directly 
(Radhakrishnan A, et al., 2004). In this study, we also failed to offer any evidence for 
the synergic relationship between Ncr1p and Ncr2p to facilitate sterol transport in 
yeast. Recently, the topic concerning nonvesicular transport mechanisms for sterol 
transport has triggered more interest among researchers. Also, diffusible carrier 
proteins are known to facilitate the nonvesicular transport of lipids (Maxfield F.R & 
Wüstner D, 2002). Through this mechanism, an NPC1–ORP (OSBP-related protein) 
interaction was proposed to activate ORPs and facilitate extraction of lipids and/or the 
ensuing dissociation of ORPs from endosomal membranes (Yang H, 2006). 
Fourthly, we provide preliminary evidence that the function of the Ncr2p might 
regulate the endocytic movement of sterols and/or fatty acids.  In this study, decreased 
rates of [3H] oleate incorporation into SE and TAG were both observed in are2Δncr2Δ 
strain compared with are2Δ with glucose withdrawal. The kinetic analysis of sterol 
esterification upon glucose deprivation indicates that there is a delay, but not a 
complete block in sterol and/or fatty acid movement to the ER in the are2Δncr2Δ 
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strain. This result suggests that sterols and/or fatty acids might be cargoes of Ncr2p in 
subcellular lipid transport. Furthermore, significant increase of vacuolar ergosterol was 
found in ERG6-ncr2Δ strain induced with galactose for 2 hours, suggesting sterols 
were accumulated in the vacuoles of ncr2 deletion strain under this condition. This 
finding provides additional evidence for Ncr2p playing roles in the endocytic system 
of sterol trafficking in yeast, which is in accordance with the speculation that its 
counterpart NPC2 could transfer cholesterol across the limiting membrane of 
endocytic compartment (Prinz W, 2002). However, more convincing data are lacking 
for the pathway and mechanisms in sterol transport. 
   
5.2 Future directions 
The elucidation of a disease state has frequently shed light on metabolic 
pathways, including those of sterol homeostasis. Vice versa, revelation of the nature 
and regulation of these intracellular sterol transport processes is essential to our 
understanding of cell function and disease pathogenesis. NP-C disease, especially the 
defect genes NPC1 and NPC2, offer us an opportunity for studying the metabolic 
pathways of sterols in cells. However, due to methodological constraints, there remains 
a significant challenge for researchers in this field.  
Based on our hypothesis, the yeast sterol esterification enzymes might be 
localized to different domains on ER, and specific functional linkage between Are1p 
and Ncr1p was proposed. Thus, the most urgent task for future work is to get further 
examination of the subcellular spatial relationship between Ncr1p on vacuole and 
Are1p and Are2p on ER at steady state using transmission electron microscopy (TEM). 
Furthermore, to identify other protein components of the Ncr1p-Are1p pathway, as 
well as candidate carrier proteins presumably involved in the nonvesicular transport, 
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should lead to a greater understanding of intracellular cholesterol transport and its role 
in normal physiology and disease states. In light of recent progress made on OSBP and 
ORPs, it is therefore time to investigate the functional and physical interactions 
between NPC1 and ORPs. Some reliable assays are required in future to examine the 
role of NPC1 in nonvesicular sterol transport, such as co-immunoprecipitation (Co-IP) 
analysis of NPC1 and ORPs, and isolation of cell membranes as donors and acceptors. 
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Appendix  
Protein sequence alignment 
 
 
1.         Protein sequence alignment of human NPC1 and S.cerevisiae NCR1. 
Protein sequence alignment of human NPC1 (cDNA GenBank accession 
number AF002020) and S. cerevisiae NCR1 (cDNA GenBank accession number 
U33335). Boxed sequences represent a domain that is conserved in yeast S. cerevisiae. 
Sequences were aligned with CLUSTAL. Dashes represent break in actual amino acid 
sequence of respective proteins to allow sequence alignment. Abbreviations for the 
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, 
His; I, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; and W, Trp. 
(Carstea E.D, et al., 1997) 
 
NPC1:  22    SQSCVWYGECGI--AYGDKRYNCEY--SGPPKPLPKDGYDLVQELCPGFFFGNVSLCCDV  77 
             + +C  YG CG    +G++   C    S  P  L  +   L+ E+C   +      CC   
NCR1:  20    TATCAMYGNCGKKSVFGNE-LPCPVPRSFEPPVLSDETSKLLVEVCGEEWKEVRYACCTK  78 
 
NPC1:  78    RQLQTLKDNLQLPLQFLSRCPSCFYNLLNLFCELTCSPRQSQFLNVTATEDYVDPVTNQT  137 
              Q+  L+DNLQ     +S CP+C  N  NLFC  TC+  Q +F+N+T  E      + +  
NCR1:  79    DQVVALRDNLQKAQPLISSCPACLKNFNNLFCHFTCAADQGRFVNITKVEK-----SKED  133 
 
NPC1:  138   KTNVKELQYYVGQSFANAMYNACRDVEAPSSNDKALGLLCGKDADACNATNWIEYMFNKD  197 
             K  V EL  ++  S+A+  Y++C++++  ++N  A+ L+ G    A N + +++++ +   
NCR1:  134   KDIVAELDVFMNSSWASEFYDSCKNIKFSATNGYAMDLIGG---GAKNYSQFLKFLGDAK  190 
 
NPC1:  198   N--GQAPFTITPVFSDFPVHGMEPMNNATKGCDESVDEVTA------PCSCQDCSIVCGP  249 
                G +PF I   +          + N  K   E  DEV A       C+C DC   C P 
NCR1:  191   PMLGGSPFQINYKYD---------LANEEKEWQEFNDEVYACDDAQYKCACSDCQESC-P  240 
 
NPC1:  250   KPQPPPP------PAPWTILGLD AMYVIMWITYMAFLLVFFGAFFA-VWCYRKRYFVSEY  302 
               +P          P P   L +   Y I              A FA +W Y  +   +   
NCR1:  241   HLKPLKDGVCKVGPLPCFSLSVLIFYTIC-------------ALFAFMWYYLFKRKENGA  287 
 
NPC1:  303   TPIDSNIAFSVNASDKGEASCCDPVSAA---FEGCLRRLFTRWGSFCVRNPGCVIFFSLV  359 
               +D +I     + D+ E +  +  +     F G L  LF+R G F V NP   I  + V 
NCR1:  288   MIVDDDIVPESGSLDESETNVFESFNNETNFFNGKLANLFSRVGQFSVENP-YKILITTV  346 
 
NPC1:  360   FITACSSGLVFVRVT--TNPVDLWSAPSSQARLEKEYFDQHFGPFFRTEQLIIRAPLTDK  417 
             F     S ++F   T  T+P++LW + +S+   EKEYFD +FGPF+RTEQ+ +        
NCR1:  347   FSIFVFSFIIFQYATLETDPINLWVSKNSEKFKEKEYFDDNFGPFYRTEQIFVVNET---  403 
 
NPC1:  418   HIYQPYPSGADVPFGPPLDIQILHQVLDLQIAIENITASYDNETVTLQDICLAPLSPYNT  477 
                           GP L  + LH   D++  I     S +N  +  QD+C  P    ++ 
NCR1:  404   --------------GPVLSYETLHWWFDVENFITEELQSSEN--IGYQDLCFRPTE--DS  445 
 
NPC1:  478   NCTILSVLNYFQNSHSVLDHKKGDDFFVYADYHTHFLYCVRAPASLNDTSLLHDPCLGTF  537 
              C I S   YFQ +    D  K +              C + P +          CL TF 
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NPC1:  538   GGPVFPWLVLGGYDDQNYNNATALVITFPVNNYYNDTEKLQRAQAWEKEFINFVKNYKNP  597 
               P+   L+   + D +  NA A V+T  + N+       Q A  WE+    ++ + K P 
NCR1:  485   QQPLKTNLL---FSDDDILNAHAFVVTLLLTNH------TQSANRWEERLEEYLLDLKVP  535 
 
NPC1:  598   N-LTISFTAERSIEDELNRESDSDVFTVVISYAIMFLYISLALGHIKSCRRLLVDSKVSL  656 
               L ISF  E S+E ELN  +++D+ TV ISY +MFLY + AL      RR    +++ L 
NCR1:  536   EGLRISFNTEISLEKELN--NNNDISTVAISYLMMFLYATWAL------RRKDGKTRLLL  587 
NPC1:  657   GIAGILIVLSSVACSLGVFSYIGLPLTLIVIEVIPFLVLAVGVDNIFILVQAYQRD-ERL  715 
             GI+G+LIVL+S+ C+ G  +  GL  TLI+ EVIPFL+LA+G+DNIF++   Y R+ E+  
NCR1:  588   GISGLLIVLASIVCAAGFLTLFGLKSTLIIAEVIPFLILAIGIDNIFLITHEYDRNCEQK  647 
 
NPC1:  716   QGETLDQQLGRVLGEVAPSMFLSSFSETVAFFLGALSVMPAVHTFSLFAGLAVFIDFLLQ  775 
                ++DQ++   +G ++PS+ +S   +T  F + A   MPAVH F++++ ++V  + +LQ 
NCR1:  648   PEYSIDQKIISAIGRMSPSILMSLLCQTGCFLIAAFVTMPAVHNFAIYSTVSVIFNGVLQ  707 
 
NPC1:  776   ITCFVSLLGLDIKRQEKNRLDIFCCVRGAEDGTSVQASESCLFRFFKNSYSPLLLKDWMR  835 
             +T +VS+L L  KR    +      + G E     +  ES    F K  Y  +L +   + 
NCR1:  708   LTAYVSILSLYEKRSNYKQ------ITGNE-----ETKES----FLKTFYFKMLTQ---K  749 
 
NPC1:  836   PIVIAIFVGVLSFSIAVLNKVDIGLDQSLSMPDDSYMVDYFKSISQYLHAGPPVYFVLEE  895 
              ++I IF      S+  L ++  GLDQ+L++P DSY+VDYFK +  +L+ GPPVY V++  
NCR1:  750   RLIIIIFSVWFFTSLVFLPEIQFGLDQTLAVPQDSYLVDYFKDVYSFLNVGPPVYMVVK-  808 
 
NPC1:  896 GHDYTSSKGQNMVCGGMG-CNNDSLVQQIFNAAQLDNYTRIGFAPSSWIDDYFDWVKPQS  954 
             D T  + Q  +CG    C  DSL   +    Q  + + I    ++W+DDYF ++ PQ+ 
NCR1:  809 NLDLTKRQNQQKICGKFTTCERDSLANVL---EQERHRSTITEPLANWLDDYFMFLNPQN  865 
 
NPC1:  955   -SCCRVDNITDQFCNASVVDPACVRCRPLTPEGKQR---PQGGDFMRFLPMFLSDNPNPK  1010 
               CCR+   TD+ C  S     C  C             P+G DFM +L +++ + P+   
NCR1:  866   DQCCRLKKGTDEVCPPSFPSRRCETCFQQGSWNYNMSGFPEGKDFMEYLSIWI-NAPSDP  924 
 
NPC1:  1011  CGKGGHAAYSSAVNILLGHGTRVGATYFMTYHTVLQTSADFIDALKKARLIASNVTETMG  1070 
             C  GG A YS+A   L+ + T V A+ F T H  L++  DFI A      I+S+  E    
NCR1:  925   CPLGGRAPYSTA---LVYNETSVSASVFRTAHHPLRSQKDFIQAYSDGVRISSSFPEL--  979 
 
NPC1:  1071  INGSAYRVFPYSVFYVFYEQYLTIIDDTIFNLGVSLGAIFLVTMVLLGCELWSAVIMCAT  1130 
                    +F YS FY+F+ QY T+   T+  +G ++  IF ++ V L   + S+ ++    
NCR1:  980   ------DMFAYSPFYIFFVQYQTLGPLTLKLIGSAIILIFFISSVFLQ-NIRSSFLLALV  1032 
 
NPC1:  1131  IAMVLVNMFGVMWLWGISLNAVSLVNLVMSCGISVEFCSHITRAFTV---SMKGSRVERA  1187 
             + M++V++  +M L GISLNAVSLVNL++  G+ VEFC HI R+FTV     K     R  
NCR1:  1033  VTMIIVDIGALMALLGISLNAVSLVNLIICVGLGVEFCVHIVRSFTVVPSETKKDANSRV  1092 
 
NPC1:  1188  EEALAHMGSSVFSGITLTKFGGIVVLAFAKSQIFQIFYFRMYLAMVLL  1235 
               +L  +G SV  GITLTKF G+ VLAFA+S+IF +FYFRM+  ++++ 
NCR1:  1093  LYSLNTIGESVIKGITLTKFIGVCVLAFAQSKIFDVFYFRMWFTLIIV  1140 
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2.            Protein sequence alignment of human NPC2 and S.cerevisiae NCR2. 
 Protein sequence alignment of human NPC2 (cDNA GenBank accession 
number AC005479) and S. cerevisiae NCR2 (cDNA GenBank accession number 
CAA96443). Boxed sequences represent a domain that is conserved in yeast S. 
cerevisiae. (Berger A.C, et al., 2005) 
 
NPC2: IKEVNVSPCPTQPCQLSKGQSYSVNVTFTSNIQSKS--SKAVVHGILMGVPVPFPIPE-- 89 
      IKEVN+ P P  P +  +  + S N      I+  +     V  G +  +   F + E   
NCR2: IKEVNLDPNP--PVR-GENLTISANGEVFETIEEGAYIDVEVRLGYIRLLSQTFDLCETL113 
 
NPC2: PDGCKSGINCPIQKDKTYSYLNKLPVKSEYPSIKLVVEWQLQDDKNQSLFCW 141 
       D    G++CPI+  + Y+    + +  E P  K VV  +   +K+  + C  
NCR2 :EDNDIEGLSCPIEPGE-YNIKKIVEIPGEVPPGKYVVVARAYTEKDDLITCL 164 
 
 
Identities = 28/112 (25%), Positives = 48/112 (42%), Gaps = 8/112 (7%) 
 
 
NPC2:  GVIKEVNVSPCP-TQP  46 
       GVI   N  P P T+P 
NCR2:  GVIGIFNALPPPNTKP  37 
 
Identities = 8/16 (50%), Positives = 9/16 (56%), Gaps = 1/16 (6%) 
 
 115 
